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INTRODUCTION 


1.  ELECTROOPTICAL  DEVICES 

Monolithically  integrated  reduced-confinement  antennas  have  been  fabricated  by  grading  the  wafer 
surface  temperature  during  molecular  beam  epitaxial  growth  to  produce  a  longitudinal  variation  in  the 
refractive  index  and  thickness  of  the  waveguide  film.  Reductions  of  >  35  percent  were  achieved  in  the 
far-field  beam  divergence  for  radiation  emitted  from  single-mode  GaAlAs  slab  waveguides,  yielding  far 
field  beams  as  narrow  as  8.2°  full  width  at  half-maximum  along  the  direction  perpendicular  to  the  wafer 
surface. 

An  impedance-matched  lumped-element  interferometric  modulator  for  1 .3 -/mi  operation  has  been  dem¬ 
onstrated  in  LiNbO,.  A  V  of  2.6  V  and  bandwidth  of  220  MHz  was  achieved  at  1.3  GHz  with  an 

A  7C 

electrode  length  of  only  5  mm. 


2.  QUANTUM  ELECTRONICS 

New  results  have  been  obtained  on  a  10-Hz  Ti:Al,0^  master-oscillator/power-amplifier  system  designed 
for  operation  from  750  to  850  nm.  This  laser  produced  200-ns,  single-frequency,  near-diffraction-limited, 
0.38-J  pulses  at  800  nm. 

A  diode-pumped  NdrYAG  laser  has  been  demonstrated  using  self-starting  additive-pulse  mode  locking 
with  a  nonlinear  external  cavity.  Pulse  durations  of  1.7  ps  were  generated  at  an  average  output  power  of 
25  mW  without  the  need  for  active  amplitude  or  phase  modulation. 

Three  diode  laser  arrays  have  been  coupled  to  a  multimode  fiber  with  52  percent  efficiency  using 
geometric  multiplexing.  Calculations  show  it  should  be  possible  to  couple  tens  of  watts  efficiently  from 
diode  arrays  into  a  fiber. 

Experiments  have  been  carried  out  with  LiB,Ov  a  recently  discovered  nonlinear  optical  material,  to 
determine  the  temperature  and  thermal  bandwidth  for  noncritically  phase-matched  frequency  doubling  of 
1.06-  and  1.32-/im  radiation  and  for  frequency  summing  1.06-  and  1.32-/im  radiation.  The  intrinsic 
optical  absorption  of  LiB^O,.  was  also  measured  and  was  found  to  be  extremely  low  (10  3  <  a  <  2  x 
10'?  cm1)  at  0.532.  1.06  and  1.32  /mi. 

The  use  of  mechanical  beam  steering  to  decrease  the  thermal  load  on  a  nonlinear  crystal  in  optical 
mixing  has  been  demonstrated  at  low  power.  Essentially  constant  intensity  harmonic  radiation  (0.532  /mi) 
was  generated  while  rapidly  scanning  the  fundamental  radiation  (1.06  /mi)  through  a  2-cm  1  diam.  circle 
in  a  3-em-long  LilO^  crystal. 

3.  MATERIALS  RESEARCH 

Graded-index  separate-confinement  heterostructure  InGaAs/AlGaAs  single-quantum-well  diode  lasers 
with  a  strained  active  layer  have  been  fabricated  from  structures  grown  by  organometallic  vapor  phase 
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epitaxy  (OMVPE).  Under  pulsed  operation,  threshold  current  densities  as  low  as  65  A/cm2,  the  lowest 
ever  reported  for  semiconductor  lasers,  have  been  obtained  for  a  cavity  length  of  1500  fum. 

The  growth  rate  of  GaAs  by  OMVPE  has  been  measured  as  a  function  of  substrate  temperature,  trimethyl- 
gallium  (TMG)  flow  rate,  and  TMG  exposure  time  for  the  procedure  in  which  the  substrate  is  exposed  to 
arsine  and  TMG  alternately  rather  than  simultaneously.  Atomic  layer  epitaxy  (ALE),  in  which  one 
monolayer  of  GaAs  is  deposited  during  each  arsine/TMG  cycle,  has  been  accomplished  over  the  tem¬ 
perature  range  from  425  to  475°C  by  varying  the  exposure  lime  at  a  fixed  flow  rate,  although  the  ALE 
process  is  not  self-limiting  over  the  parameter  space  investigated. 

4.  SUBMICROMETER  TECHNOLOGY 

Plasma-enhanced  chemical  vapor  deposition  has  been  used  to  deposit  planarizing  layers  of  amorphe^s 
carbon  in  order  to  overcome  depth-of-focus  limitations  in  high-resolution  photolithography.  The  low- 
viscosity  films  reduced  the  deviation  from  planari'y  of  1 ,5-/im-deep,  400-^m-wide  silicon  dioxide  wells 
to  less  than  0.2  jum. 

Homoepitaxial  diamond  films  have  been  grown  by  thermal  decomposition  of  a  mixture  of  hydrogen  and 
acetone.  Device  quality  morphology  and  electrical  resistivity  were  obtained,  and  were  shown  to  depend 
on  the  crystalline  orientation  of  the  substrate  and  on  the  amount  of  added  B(OCH^)  .  the  latter  serving  as 
a  source  of  boron  dopants. 


5.  MICROELECTRONICS 

A  semiquantitative  energy-band  model  has  been  developed  to  explain  measurements  of  GaAs  grown  by 
molecular  beam  epitaxy  at  a  substrate  temperature  of  200°C.  The  dominant  feature  of  the  model  is  a  very 
high  density  of  deep  EL2-like  levels  0.75  eV  below  the  conduction  band  edge  of  GaAs. 

The  effects  of  nonuniform  doping  along  the  direction  of  current  flow  on  the  large-signal  performance  of 
Si  permeable  base  transistors  have  been  investigated.  A  class  A  power  analysis,  performed  using  simu¬ 
lated  current-voltage  characteristics,  shows  that  output  power,  power-added  efficiency,  and  large-signal 
gain  can  be  increased  by  using  nonuniform  doping  profiles. 

A  full-fill-factor  CCD  imager  with  integrated  analog  signal  processors  has  been  designed  and  fabricated. 
By  combining  charge-domain  analog  signal  processors  in  a  parallel,  pipelined  architecture,  a  device  that 
performs  a  simple  edge-detection  algorithm  in  real  time  has  been  realized. 

6.  ANALOG  DEVICE  TECHNOLOGY 

A  novel  method  to  measure  substrate  temperature  during  thin-film  deposition  has  been  developed  using 
Au-Pt-Pd  thermocouple  wires  bonded  directly  onto  substrates.  These  thermocouples  were  evaluated  in  a 
specially  designed  vacuum  oven  at  775°C  and  show  accuracy  and  stability  to  1°C. 

Y-Ba-Cu-O  films  have  been  deposited  using  in  sim  sputtering  from  single  targets.  These  films  have 
sharp  transitions  to  the  superconducting  state  at  85  K,  critical  currents  higher  than  1.4  X  I07  A/cm2  at 
4.2  K  and  2.3  X  I05  A/cm2  at  77,  and  an  RF  surface  resistance  of  1 .2  X  I0's  ft  at  4.’!  K  and  1 .2  GHz. 
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A  four-pole  Chebyshev  microstrip  filter  has  been  demonstrated  using  both  postannealed  and  in-situ- 
grown  thin  films  of  YBaCuO.  The  bandpass  filters,  which  were  designed  for  a  4-GHz  center  frequency 
and  a  3-percent  bandwidth,  function  at  77  K  with  a  passband  insertion  loss  as  low  as  0.3  dB,  a  dramatic 
improvement  over  the  2.5-dB  loss  of  a  normal-metal  filter  at  the  same  temperature. 
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1.  ELECTROOPTICAL  DEVICES 


1.1  REDUCED-CONFINEMENT  ANTENNAS  FOR  GaAlAs  INTEGRATED 

OPTICAL  WAVEGUIDES 

Integrated  optoelectronic  circuits  frequently  incorporate  components  such  as  electrooptic  modula¬ 
tors  and  E-junctions  that  require  waveguides  with  a  small  mode  size  for  efficient  device  operation.  When 
coupling  into  free  space,  however,  a  large  mode  size  is  desirable  at  the  device  output  endface  in  order  to 
obtain  a  highly  directional  far-field  beam.  Optical  horn  antennas,  for  example,  have  been  used  to  produce 
a  lateral  increase  in  the  size  of  a  guided  mode,  thereby  reducing  the  lateral  far-field  beam  divergence 
[1,2].  Preliminary  results  are  described  on  monolithically  integrated  reduced-confinement  GaAlAs 
waveguide  antennas  potentially  capable  of  increasing  the  size  of  a  guided  mode  in  both  the  transverse 
and  lateral  dimensions.  The  concept  of  a  reduced-confinement  antenna  has  been  applied  at  microwave 
frequencies  since  the  1940s  in  the  dielectric  polyrod  antenna  [3],  More  recently,  similar  structures  have 
been  demonstrated  at  optical  frequencies  both  in  sir  de-mode  fibers  |4]  and  in  Ti.LiNbO^  waveguides  [5] 
for  fiber  coupling. 

We  have  produced  these  antennas  for  use  at  GaAs  laser  wavelengths,  e.g..  0.88  fu m,  using  a  novel 
molecular  beam  epitaxy  (MBE)  growth  technique  [6,7].  This  method  allows  us  to  grow  a  single-mode 
structure  in  which  a  tapered  waveguide  film,  varying  longitudinally  in  both  thickness  and  A1  concentra¬ 
tion,  is  sandwiched  between  two  uniform  lower-index  cladding  layers.  Near  the  output  endface  of  the 
waveguide,  the  transverse  confinement  of  the  guided  mode  is  reduced  by  decreasing  the  film  thickness 
and,  what  is  more  important,  by  decreasing  the  refractive  index  difference  between  the  film  and  cladding 
layers.  Using  this  structure,  we  have  obtained  reductions  of  >  35  percent  in  the  transverse  far-field  beam 
divergence  for  radiation  emitted  from  single-mode  slab  waveguides. 

A  reduced-confinement  antenna  is  shown  schematically  in  Figure  1-1.  The  details  of  the  MBE 
growth  technique  used  to  produce  this  device  are  as  follows.  The  GaAs  substrate  wafer  is  bonded  with 
indium  to  a  mounting  block  which  has  a  top  surface  that  is  slightly  recessed  in  several  regions  [6],  The 
regions  of  the  wafer  that  are  in  direct  thermal  contact  with  the  unrecessed  portions  of  the  mounting  block 
are  conductively  heated,  while  the  regions  that  are  located  above  a  recess  are  radiatively  heated.  The 
radiatively  heated  regions  have  a  lower  surface  temperature  than  the  conductively  heated  regions.  For 
surface  temperatures  below  650°C.  the  sticking  coefficients  of  both  Ga  and  A!  on  GaAs  are  essentially 
independent  of  temperature.  Above  650°C,  however,  the  sticking  coefficient  of  Ga  decreases  continu¬ 
ously  with  increasing  temperature  [8,9],  and  this  results  in  increased  A1  concentrations  and  decreased 
growth  rates  for  GaAlAs  films  grown  by  MBE  at  successively  higher  temperatures.  Thus,  fot  surface 
temperatures  greater  than  650°C\  a  temperature  gradient  across  the  wafer  surface  produces  a  spatial 
variation  in  the  relative  amounts  of  Ga  and  Al  that  are  incorporated  into  the  waveguide  film,  as  well  as  a 
spatial  variation  in  the  waveguide  film  thickness. 

For  the  device  shown  in  Figure  1-1.  a  uniform  1.8-^tm-thick  Ga()  7S5A1(|  ,  As  lower  cladding  layer 
is  first  grown  at  temperatures  between  ~  555  and  58()°C,  for  which  the  sticking  coefficients  are  nsensi- 
tive  to  growth-temperature  variations.  The  temperature  of  the  mounting  block  is  then  increased  and  a 
tapered  GaAlAs  waveguide  film  is  grown.  For  the  film  shown  in  Figure  1-1,  the  substrate  surface 
temperature  ranges  from  ~  680  to  72()°C.  The  resulting  waveguide  film  varies  from  0.52-jtm-thick 
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Fit;  lire  I  -I .  Cross-sectional  profile  of  a  reduced-confinement  GaAlAs  tapered  slab-waveguide  antenna.  The  material 
compositions  and  film  thicknesses  were  measured  by  Auger  electron  spectroscopy. 


Ga()S4AI()  16As  in  the  cooler  region  to  0.42-pm-thick  Ga  )C;2A10  |8As  in  the  warmer  region.  Finally,  the 
mounting  block  temperature  is  reduced  to  ~  580°C  and  an  upper  cladding  layer,  identical  in  composition 
and  thickness  to  the  lower  cladding  layer,  is  grown.  The  layer  thicknesses  and  compositions,  which  are 
indicated  in  Figure  1-1,  were  measured  by  Auger  electron  spectroscopy.  The  length  of  the  tapered 
transition  is  between  1  and  2  mm  using  current  growth  procedures;  however,  shorter  taper  lengths 
should  be  obtained  through  the  use  of  more  sophisticated  techniques  to  produce  the  substrate  temperature 
gradient,  such  as  laser  heating. 

The  tapered  slab-waveguide  antenna  shown  in  Figure  1-1  is  designed  for  single-mode  operation 
at  a  wavelength  of  0.88  /tm.  In  the  cooler  growth  region,  there  is  a  difference  of  0.055  in  the  AlAs  mole 
fraction  between  the  0.52-/im-thick  waveguide  film  and  the  cladding  layers.  The  result  is  a  strongly 
confining  single-mode  optical  waveguide  in  this  region,  for  which  the  confinement  parameter, 
l  =  kh(tr  -  n2)u2  =  1.45,  where  k  is  the  magnitude  of  the  wave  vector,  h  is  the  Film  thickness,  and  n  and 
n  are  the  refractive  indices  of  the  film  and  cladding,  respectively.  The  region  grown  at  higher  substrate 
surface  temperatures,  however,  exhibits  a  difference  in  AlAs  mole  fraction  of  only  0.035,  and  the 
waveguide  film  thickness  is  only  0.42  jum.  Hence,  this  section  of  the  waveguide  is  much  less  optically 
confining  (V  =  0.93). 

The  data  points  and  dashed  line  in  Figure  1  -2(a)  show  the  far-field  intensity  profile  measured  for 
the  antenna  of  Figure  1-1  along  the  direction  perpendicular  to  the  wafer  surface.  For  comparison,  the 
measured  far-field  profile  for  a  nontapered  device  that  has  a  0.52-jim-thick  Ga  Al()  |ftAs  waveguide 
film  along  its  entire  length  is  shown  in  Figure  1  -2(b).  Both  measurements  are  for  transverse-electric  (TE) 
polarized  light  from  a  GaAs  diode  laser.  Radiation  from  the  tapered  antenna  waveguide  exhibits  a  10.0° 
full  width  at  half-maximum  (FWHM)  far-field  beam  divergence,  a  36-percent  reduction  from  the  15.7° 
FWHM  beam  divergence  obtained  for  the  nontapered  waveguide. 
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Figure  1-2.  Normalized  far-field  intensity  profiles  for  (a)  tapered  (reduced-confinement)  and  (b)  nontapered  GaMAs 
slab  w  aveguides.  The  data  points  and  dashed  lines  indicate  the  experimentally  measured  profiles,  while  the  solid  lines 
indicate  the  theoretically  predicted  profiles  based  on  the  Auger  data. 
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Figure  1  -3.  (a)  Cross-sectional  profile  of  a  reduced-confinement  structure  that  tapers  from  a  buried  symmetric  slab 

waveguide  to  uniform  material.  The  dashed  vertical  lines  indicate  the  locations  of  the  cleaved  output  endfaces  of  samples 
( i )  through  (iv).  ( b )  Experimentally  measured  far-field  profiles  for  samples  (ii  through  (iv). 
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Using  Auger  data  for  both  the  strongly  confining  and  weakly  confining  regions  of  the  waveguide 
in  Figure  1-1.  we  have  calculated  the  guided-mode  parameters  and  electric-field  amplitude  profiles  at  the 
output  endfaces  of  both  the  tapered  and  nontapered  waveguide  devices.  According  to  these  calculations, 
the  width  of  the  guided-mode  intensity  varies  from  0.71  fu m  FWHM  in  the  strongly  confining  waveguide 
region  to  0.97  jJ m  FWHM  in  the  weakly  confining  structure,  an  increase  of  37  percent.  The  analytically 
determined  electric-field  profiles  at  the  device  output  endfaces  are  then  propagated  to  the  far  field 
through  a  Fourier  transform.  The  theoretically  predicted  far-field  intensity  profiles,  which  are  shown  by 
the  solid  lines  in  Figure  1-2.  are  in  close  agreement  with  the  experimentally  observed  profiles. 

To  examine  the  limits  on  the  performance  of  reduced-confinement  antennas,  we  have  grown  the 
tapered-waveguide  structure  shown  in  Figure  1  -3(a).  This  device  tapers  from  a  symmetric  slab  waveguide 
in  the  cooler  growth  region  to  uniform  material  (no  waveguide  structure)  in  the  warmer  grow  th  region. 
The  structure  has  been  cleaved  into  a  series  of  samples  whose  output  endfaces  intersect  the  waveguide 
antenna  at  various  positions  along  the  taper  length,  as  indicated  by  the  dashed  vertical  lines  in 
Figure  1  -3(a).  The  measured  far-field  profiles  for  these  devices  are  shown  in  Figure  1  -3(b).  The  non¬ 
tapered  device  (i)  with  its  uniform  0.60-jUm-thick  Ga()  7SA1()  „As  waveguide  film,  exhibits  a  13.1°  FWHM 
far-field  beam  divergence.  As  the  location  of  the  antenna  endface  progresses  through  the  tapered  transi¬ 
tion.  the  divergence  steadily  decreases,  eventually  reaching  a  minimum  value  at  (iii)  of  8.2°  FWHM. 
This  8.2°  divergence  is  a  37-percent  reduction  from  the  divergence  for  the  nontapered  waveguide.  The 
output  endface  of  the  longest  sample  (iv)  lies  beyond  the  tapered  transition,  in  the  region  of  the  wafer 
where  the  structure  is  no  longer  guiding.  The  increase  in  the  far-field  divergence  to  9.4°  FWHM  for  this 
device  is  consistent  with  the  expected  leakage  of  the  wave  into  the  higher-index  GaAs  substrate. 

The  minimum  beam  divergence  of  8.2°  FWHM  in  Figure  I -3(b)  can  be  interpreted  as  follows.  As 
the  GaAs  laser  radiation  propagates  through  the  tapered  transition,  the  waveguide  structure  becomes 
significantly  less  confining  and  the  width  of  the  guided  mode  increases  until  it  approaches  5.4  /am.  the 
total  thickness  of  the  transparent  guiding  and  cladding  layers.  The  lower  boundary  of  this  transparent 
epitaxial  window  is  the  absorbing  higher-index  GaAs  substrate.  As  a  bench  mark  for  comparison  with 
our  experimental  measurements,  we  have  calculated  the  theoretical  far-field  radiation  profile  for  a 
5.4-jUm-wide  slit  that  is  uniformly  illuminated  by  a  plane  wave.  The  central  far-field  lobe  of  this  calcu¬ 
lated  [(sin  ,v)/.v[-  intensity  pattern  is  8.2°  FWHM.  Although  the  exact  agreement  is  probably  fortuitous, 
this  result  indicates  that  the  observed  8.2°  FWHM  far-field  beam  divergence  is  consistent  with  the 
minimum  beam  divergence  that  can  be  expected  for  this  particular  device. 

In  conclusion,  reductions  of  >  35  percent  in  the  transverse  far-field  optical  beam  divergence  have 
been  achieved  through  the  use  of  reduced-confinement  GaAIAs  tapered  slab-waveguide  antennas,  which 
are  produced  using  a  novel  M B F  growth  technique.  Typically,  beams  emitted  from  GaAIAs  waveguide 
and  laser  devices  are  highly  divergent  along  the  direction  perpendicular  to  the  wafer  surface  [l()|.  The 
one-dimensional  reduced-confinement  structure  is  not  only  effective  in  reducing  this  transverse  beam 
divergence,  but  is  also  compatible  with  techniques  for  reducing  the  lateral  beam  divergence. 

D.E.  Bossi  W.D.  Goodhue 

M.C.  Finn  K.  Rauschenbach 

J.W,  Bales  R.H.  Rediker 
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1.2  HIGH-SENSITIVITY  1.3-GHz  BANDPASS  INTERFEROMETRIC  MODULATOR 


Integrated  optical  modulators  are  a  key  component  of  externally  modulated  analog  links  [11].  In 
most  cases,  analog  link  performance  can  be  improved  by  increasing  the  modulator  sensitivity.  In  a 
previous  report  [12],  we  showed  by  analysis  that  impedance-matched  lumped-element  modulators  can 
have  significantly  higher  response  than  traveling-wave  devices  for  a  range  of  electrode  lengths,  depend¬ 
ing  on  the  modulation  frequency.  We  have  demonstrated  an  impedance-matched  LiNbO^  lumped- 
element  interferometric  modulator  for  operation  at  1.3  /urn.  With  an  electrode  length  of  5  mm,  the 
effective  (the  voltage  change  required  for  full  on-off  modulation)  at  1.3  GHz  is  2.6  V,  which  is 
much  less  than  the  estimated  effective  of  9.8  V  for  a  traveling-wave  device  with  the  same  electrode 
length. 

A  lumped-element  interferometric  intensity  modulator,  as  illustrated  in  Figure  1  -4,  can  be  modeled 
electrically  as  a  series  RLC  circuit.  The  capacitance  is  proportional  to  the  electrode  length.  For  small- 
signal  sinusoidal  modulation  at  the  half-power  point,  the  modulation  depth  is  proportional  only  to  the 
electrode  current  /  and  is  independent  of  the  electrode  length.  The  electrode  current  and  response  of  a 
lumped-element  modulator  are  maximized  by  using  a  nondissipative  matching  circuit  to  couple  all  of  the 
available  RF  power  from  the  source  to  the  electrode  series  resistance.  Nondissipative  matching  from  a 
50-Q  source  to  a  frequency-dependent  complex  electrode  impedance  can  be  achieved  for  bandpass  appli¬ 
cations.  A  conventional  50-Q  shunt-resistor  matching  circuit  results  in  broadband  performance  but  sub¬ 
stantially  reduces  the  peak  modulator  sensitivity. 
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Figure  1-4.  Schematic  illustration  of  an  integrated-optical  interferometric  intensity  modulator. 


An  experimental  device  was  fabricated  for  single-mode  1 .3-/tm  operation  with  TE  polarization  on 
F-propagating  X-cut  LiNbOv  The  electrode  length  L  was  5  mm  and  the  V '  L  product  referring  to  the 
actual  electrode  voltage  was  35  V-mm.  An  equivalent  electrode  RLC  circuit  was  determined  from  Sn 
measurements.  At  1.3  GHz  the  electrode  impedance  is  3.8  -  jl  1.5  Q.  With  a  matching  circuit  consisting 
only  of  a  shunt  inductance  Lm  =  1.55  nH  (Figure  1-5),  98  percent  of  the  available  power  from  a  50-Q 
source  at  1.3  GHz  is  delivered  to  the  modulator. 

The  small-signal  response  shown  in  Figure  1-6  was  measured  using  the  swept-frequency  tech¬ 
nique  on  both  the  impedance-matched  device  and  an  identical  broadband  device  with  the  shunt  inductor 
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Figure  1-5.  Equivalent  circuit  of  the  impedance-matched  modulator  showing  the  source ,  matching  circuit,  and 
electrode  model.  The  electrode  parameter  values  are  R  =  3.8  El,  L  -  3.2  nH.andC  =  3.1  pF. 


Figure  l -6.  Measured  small-signal  modulation  depth  m  of  the  impedance-matched  and  broadband  modulators,  for 
a  fixed  level  ofRF  source  power. 
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replaced  by  a  50-0  resistive  termination.  For  the  matched  and  broadband  devices,  the  results  indicate 
that  the  effective  V  (from  a  50-0  source)  at  1.3  GHz  was  2.6  and  5.8  V  and  the  3-dB  bandwidth  was 
220  MHz  and  1.9  GHz,  respectively.  A  comparable  traveling-wave  modulator  with  an  effective  V  of 
2.6  V  at  1.3  GHz  would  require  an  electrode  length  of  >  19  mm. 

L.M. Johnson 
H.V.  Roussell 
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2.  QUANTUM  ELECTRONICS 


2.1  Ti:Al203  MASTER-OSCILLATOR/POWER-AMPLIFIER  SYSTEM 

We  have  designed,  assembled,  and  operated  a  longitudinally  pumped,  multistage  Ti:Al.,0,  master- 
oscillator/power-amplifier  system  to  produce  pulsed  (10  Hz),  tunable  radiation  from  750  to  850  nm.  We 
have  obtained  200-ns,  single-frequency  output  with  0.38  J/pulse  at  800  nm.  This  system  is  composed  of 
three  major  subsystems:  (1)  a  CW  TiiAI^O^  master  oscillator,  (2)  a  ThAl^O^  amplifier  and  (3)  frequency- 
doubled  Nd:YAG  pump  lasers.  In  this  report,  the  system  architecture  and  some  preliminary  measure¬ 
ments  are  described. 

The  master  oscillator,  which  is  a  CW  TiiAl^O^  single-frequency  ring  laser  |1]  pumped  by  a  CW 
Ar-ion  laser,  can  be  tuned  from  ~  750  to  850  nm.  The  Ti:Al?0^  laser  operates  in  a  TEM(K)  mode,  and  a 
similar  laser  had  a  measured  frequency  stability  of  2  MHz  over  a  10-s  time  interval.  At  the  peak  of  the 
gain  profile  this  oscillator  provides  a  signal  of  ~  0.5  W.  A  broadband  isolator  [2]  consisting  of  a  Faraday 
rotator  and  a  compensating  polarization  rotator  provides  30  dB  of  isolation  over  the  tuning  range  of  the 
master  oscillator. 

The  ThAl^O^  amplifier  consists  of  four  stages:  a  four-pass  preamplifier,  a  two-pass  amplifier,  a 
single-pass  amplifier,  and  a  final  two-pass  amplifier,  as  shown  schematically  in  Figure  2-1.  A  broadband 
isolator  is  positioned  between  stages  1  and  2,  and  also  between  stages  2  and  3.  Pockels  cells  between 
stages  1  and  2  are  used  to  gate  as  well  as  to  temporally  shape  the  signal  beam  intensity.  The  pump  lasers, 
described  below,  had  a  repetition  rate  of  10  Hz,  which  determined  the  pulse  rate  of  the  Ti:Al.,0^ 
amplifier  system. 

Each  amplifier  stage  consists  of  a  Ti:Al,0^  crystal  cut  at  Brewster's  angle  to  minimize  reflection 
losses.  The  signal  and  pump  beams  propagate  almost  collinearly  (~  1°  difference)  and  are  polarized 
along  the  c-axis  of  the  crystal  (p  polarization)  to  maximize  the  gain.  The  length  of  each  crystal  is  chosen 
so  that  >  95-percent  of  the  pump  beam  is  absorbed.  Each  stage  is  pumped  using  random  binary  phase 
plates  (RBPP)  [3]  to  smooth  irregularities  in  the  pump  beam  intensity  profiles,  and  the  pumping  is  from 
both  sides  to  maximize  the  energy  absorbed  while  avoiding  damage. 

The  signal  beam  was  observed  to  drift  as  a  result  of  changes  in  the  room  environment,  warm-up  of 
the  Ar-ion  pump  laser  and  ThAl^O^  master  oscillator,  and  mechanical  tuning  of  the  master  oscillator. 
The  time  scale  of  the  drift  caused  by  environmental  and  warm-up  changes  was  on  the  order  of  minutes. 
To  facilitate  the  signal-beam  alignment,  two-dimensional,  position-sensing  detectors  with  accuracy  within 
10  //m  were  used  to  ensure  that  any  changes  in  the  direction  or  position  of  the  signal  beam  could  be 
corrected  using  two  mirrors.  Two  samples  of  the  signal  beam  were  obtained  1.55  m  apart.  The  accuracy 
with  which  the  beam  position  could  be  sensed  resulted  in  an  angular  accuracy  of  ~  7  /trad,  which  over  a 
l()-m  path  length  (the  distance  from  the  master  oscillator  to  the  output  of  the  fourth  amplifier  stage) 
corresponds  to  a  displacement  of  ~  65  fj m. 

The  preamplifier  is  schematically  depicted  in  the  lower  portion  of  Figure  2-1.  The  signal  beam 
makes  four  passes  through  the  Ti:  ALO^  amplifier  crystal  and  is  coupled  into  and  out  of  the  preamplifier 
using  a  broadband  isolator.  At  the  completion  of  the  second  pass,  the  beam  is  reflected  back  onto  itself 
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Figure  2-1 .  Schematic  of  the  Ti:AlyOf  master-oscillator! power-amplifier  system. 
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from  a  mirror  of  1-m  focal  length.  At  the  completion  of  the  fourth  pass,  the  beam  enters  the  broadband 
isolator  and  is  then  rejected  by  the  isolator,  which  provides  the  output  coupling.  The  average  diameter  of 
the  signal  beam  in  this  stage  is  1.5  mm.  Lenses  of  40-cm  focal  length  and  RBPP  with  elements 
150  x  150  /urn  are  used  to  produce  a  pump  beam  of  2-mm  diameter  at  the  face  of  the  Ti:AI,0^  crystal. 
The  preamplifier  is  pumped  with  a  commercially  available  frequency-doubled,  (^-switched  Nd.YAG 
laser. 

Pumping  the  TLAI-.O,  preamplifier  crystal  with  225  mJ  and  using  a  CW  signal-beam  power  of 
180  raW  (at  A  =  800  nm).  we  have  obtained  4-  to  6-mJ,  ~  100-ns  pulses.  The  four-pass  gain  calculated 
from  these  values  is  2  to  3  x  10\  Figure  2-2(a)  show's  a  density  plot  of  the  beam  profile  at  the  output  of 
the  preamplifier,  with  the  darker  shading  representing  higher  intensity.  This  profile  was  taken  at  a 
distance  corresponding  to  the  input  to  the  second  amplifier  stage.  Figure  2-2(b)  shows  Gaussian  fits  to 
the  data  taken  through  the  centroid  of  the  data  along  the  horizontal  and  vertical  axes.  From  the  Gaussian 
fits,  it  is  apparent  that  very  little  distortion  of  the  signal  beam  occurs  in  the  preamplifier. 


Figure  2-2  Preamplifier  output  tai  Density  plot  o /  the  beam  profile,  with  darker  shading  representing  higher 
intensity  tht  Hearn  profiles  along  the  horizontal  and  vertical  uses  taken  through  the  centroid  of  the  data  t  solid  lines), 
with  Gaussian  fits  to  the  data  I dotted  lines  i. 
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The  power  amplifier  portion  of  the  Ti:Al203  amplifier  system  consists  of  the  remaining  three 
amplifier  stages.  Prior  to  the  second  amplifier  stage,  the  signal  beam  is  expanded  by  1 .3  times.  Between 
stages  2  and  3  the  signal  beam  is  expanded  by  2.0  times  and  between  stages  3  and  4  by  1.3  times. 
Table  2-1  lists  the  incident  pump  energy  on  each  crystal  face,  the  RBPP  element  dimensions,  the  focal 
length  of  the  lens  used  to  image  the  far  field  at  the  Ti:Al203  amplifier  crystals,  and  the  pump  beam 
diameter  (1/e2)  at  the  Ti:Al203  crystals  for  the  four  stages.  It  should  be  noted  that  the  Ti:Al.,03  amplifier 
crystals  are  pumped  from  both  sides,  so  the  total  pump  energy  for  each  crystal  is  twice  the  vaiue  shown. 
Typical  signal-beam  energies  for  stages  2  through  4  were  10  to  20,  40  to  80.  and  300  to  350  mJ, 
respectively,  depending  on  the  alignment  of  the  system. 


TABLE  2-1 

Incident  Pump  Energy,  RBPP  Element  Dimensions, 
Lens  Focal  Length,  and  Pump  Beam  Diameter  for  the 
Four  Amplifier  Stages  of  the  TiAI203  Amplifier  System 


Stage 

Incident 

Pump 

Energy 

(mJ) 

RBPP  Element 
Dimensions 

(/im) 

Focal  Length 
of  Lens 
(cm) 

Pump  Beam 
Diameter  (1  le~) 
at  Crystal 
(mm) 

1 

113 

150  x  150 

40 

1.99 

2 

188 

100  x  100 

40 

2.98 

3 

338 

75  X  75 

40 

3.97 

4 

525 

75  X  75 

50 

4.97 

The  power  amplifier  is  pumped  with  a  custom  Nd:YAG  laser  system  consisting  of  a  ^-switched 
mode-locked  oscillator,  a  common  three-stage  amplifier  chain,  and  four  parallel  two-stage  power  ampli¬ 
fier  chains  resulting  in  four  output  beams  at  1.06  fu m,  as  shown  schematically  in  Figure  2-3.  This  pump 
system  provides  a  macropulse  180  ns  in  duration  consisting  of  100-ps  mode-locked  pulses  spaced  10  ns 
apart.  The  macropulse  repetition  rate  is  10  Hz.  The  total  average  output  power  at  A  =  1.06  /im  was  as 
high  as  110  W.  Frequency  doubling  of  the  pump  radiation  from  1.06  to  0.532 /im  was  accomplished 
using  KD*P  doubling  crystals.  The  doubling  efficiency  achieved  was  as  high  as  38  percent,  and  was 
30  percent  routinely.  Since  the  output  of  the  custom  Nd:YAG  laser  system  is  in  the  form  of  four  separate 
laser  beams,  four  separate  frequency  doublers  were  used. 
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ROTATOR  %  BEAMSPLITTER 

Figure  2-3.  Schematic  of  the  custom  Nd.YAG  pump  laser  system  from  which  the  power  is  delivered  in  four 
separate  beams. 


In  summary,  we  have  designed  and  constructed  a  Ti:Al203  master-oscillator/power-amplifier  sys¬ 
tem,  and  pulse  energies  up  to  380  mJ  at  A  =  800  nm  have  been  obtained.  Further  measurements  of 
wavelength  tuning,  near-  and  far-field  beam  profiles,  and  amplified  spontaneous  emission  have  been 
made  and  will  be  reported  separately. 

K.F.  Wall 
P.A.  Schulz 
R.A.  Aggarwal 
A.  Sanchez 

2.2  SELF-STARTING  PASSIVE  MODE  LOCKING  OF  A  DIODE-PUMPED  Nd:YAG  LASER 

The  recent  discovery  of  self-starting  mode  locking  of  a  Ti:Al203  laser  [4]  by  additive-pulse  mode 
locking  has  led  to  speculation  that  other  lasers  might  be  mode  locked  in  the  same  way.  We  have  now 
achieved  passive  mode  locking  of  a  diode-pumped  Nd:YAG  laser  using  this  technique,  without  the  need 
for  external  amplitude  or  phase  modulation.  A  stable  train  of  1.7-ps  pulses  is  produced  with  an  average 
output  power  of  25  mW.  We  believe  that  these  are  the  shortest  pulses  generated  in  a  mode-locked 
Nd3+  laser  to  date.  These  results  demonstrate  the  viability  of  self-starting  additive-pulse  mode  locking  for 
ultrashort-pulse,  diode-pumped  solid  state  lasers. 


P.  Lacovara 
A.  Walther 
V.  Daneu 
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A  schematic  diagram  of  the  mode-locked,  diode-pumped  Nd:YAG  laser  is  shown  in  Figure  2-4. 
The  laser  uses  a  novel  diode-pumping  scheme  [5]  that  matches  the  pump  spot  size  to  the  laser  mode  by 
combining  beams  to  achieve  more  symmetric  aperture  Filling.  The  Nd:YAG  laser  was  pumped  with  three 
0.5-W  diode  arrays  that  were  temperature  controlled  to  tune  their  emission  wavelength  to  the  Nd:YAG 
absorption  band  at  808  nm.  Each  laser  array  output  was  collimated,  and  the  resulting  beams  were  stacked 
in  the  dimension  in  which  they  were  diffraction  limited.  By  using  a  pair  of  orthogonal  cylindrical  lenses, 
the  beams  were  focused  into  a  4-mm-long,  antireflection-coated  Nd:YAG  crystal. 


Figure  2-4.  Schematic  of diode-pumped  Nd:Y AG  laser.  Three  diode  arrays  are  used  as  the  pump  source.  The  main  laser 
cavity  is  formed  hy  a  high-reflecting  end  mirror  ( HR  ),  a  folding  mirror  ( HR ,)  with  r  =  60  cm.  and  an  output  coupler 
<OC).  The  external  cavity  consists  of  a  beamsplitter  (B).  optical  fiber,  and  retroreflecting  mirror  (HR  ). 


The  Nd:YAG  main  laser  cavity  consisted  of  a  dichroic,  flat  end  mirror  with  high  reflectivity  at 
1.064  nm  and  high  transmission  at  810  nm,  a  spherical  turning  mirror  (r  =  60  cm),  and  a  flat  14-percent 
transmitting  mirror  that  functioned  as  the  output  coupler.  Mirror  separations  were  adjusted  to  obtain 
stable  operation  with  an  overall  optical  length  of  1.09  m,  corresponding  to  a  round-trip  frequency  of 
137  MHz.  Since  additive-pulse  mode  locking  requires  interference  of  the  feedback  from  the  external 
cavity  with  the  main  laser  cavity,  the  polarization  of  the  laser  emission  was  controlled  by  a  Brewster 
window  placed  inside  the  main  laser  cavity  to  obtain  linear  polarization.  Without  the  external  cavity,  the 
Nd:YAG  laser  had  a  threshold  of  670-mW  diode-pump  power  and  produced  a  maximum  CW  output  of 
250  m W  at  1 . 1  -W  pump  power. 

The  external  coupled  cavity  was  formed  by  a  beamsplitter,  optical  fiber,  and  retroreflecting  mirror. 
The  fraction  of  the  main  laser  output  that  was  directed  into  the  external  cavity  was  determined  by  the 
beamsplitter.  Measurements  were  performed  using  beamsplitter  reflectivities  of  90  or  70  percent.  The 
light  reflected  from  the  beamsplitter  was  collimated  with  an  18-cm  best-form  lens  before  being  coupled 
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into  a  single-mode  optical  fiber.  In  order  to  reduce  stray  reflections  that  would  interfere  with  the  self¬ 
starting  mode  locking  process,  the  incident  beam  was  coupled  into  the  fiber  using  a  graded-index  lens 
(0.23  pitch)  that  was  antireflection  coated  on  one  side  and  coupled  to  the  fiber  with  index-matching  fluid 
on  the  other.  The  fiber  was  single  mode  and  had  a  core  diameter  of  7  /urn.  Typical  coupling  efficiency  to 
the  fiber  was  ~  80  percent.  An  identical  optical  arrangement  was  used  to  couple  out  of  the  end  of  the 
fiber,  and  the  resulting  beam  was  retroreflected  back  through  the  fiber.  The  beam  could  also  be  retrore- 
flected  by  a  mirror  placed  in  contact  with  the  fiber  end;  however,  the  former  arrangement  was  preferred 
because  it  was  less  susceptible  to  damage. 

The  choice  of  fiber  length  and  intensity  coupled  into  the  fiber  controls  the  nonlinear  phase  shift 
produced  on  the  field  in  the  external  cavity,  which  in  turn  controls  the  magnitude  of  the  intensity- 
dependent  reflectivity.  The  nonlinear  phase  shift  and  hence  the  amplitude  of  the  intensity-dependent 
reflectivity  will  scale  as  the  product  n ,/L  .  where  n0  is  the  nonlinear  index  of  refraction  of  the  fiber.  /  is 
the  intensity  in  the  fiber,  and  L  is  the  fiber  length.  Experiments  confirmed  that  the  intensity  threshold  for 
mode  locking  was  inversely  proportional  to  the  fiber  length. 

Different  fiber  lengths  ranging  from  83  to  155  cm  were  used  for  these  measurements.  For  a  given 
fiber  length,  the  time  of  flight  of  a  pulse  in  the  external  cavity  was  adjusted  to  be  an  integral  multiple  of 
the  time  of  flight  in  the  main  laser  cavity.  This  ensured  that  pulses  which  were  reinjected  from  the 
external  cavity  would  be  synchronized  with  pulses  in  the  main  cavity.  A  length  adjustment  to  within 
7  /urn  was  required  to  maintain  a  timing  mismatch  less  than  0.5  ps.  The  length  of  the  external  cavity  was 
also  adjusted  with  a  piezoelectric  translator  (PZT)  attached  to  one  of  the  mirrors  in  order  to  interfero- 
metrically  control  the  relative  cavity  lengths  to  within  0. 1  /urn. 

Self-starting  additive-pulse  mode  locking  was  achieved  using  the  external  cavity  for  a  range  of 
cavity  parameters.  The  shortest  pulses  were  obtained  using  a  beamsplitter  with  90-percent  reflectivity 
and  a  finer  length  of  83  cm  with  an  external  cavity  length  twice  the  main  cavity  length.  The  power 
coupled  into  the  fiber  (single  pass)  was  100  W  and  the  output  power  was  25  mW.  The  threshold  for 
observing  the  mode  locking  was  approximately  80  to  100  mW  of  power  coupled  into  the  fiber.  By 
appropriately  adjusting  the  external  cavity  length,  stable  trains  of  pulses  were  generated.  Figure  2-5 
shows  a  background-free,  second-harmonic  autocorrelation  trace  of  the  pulse.  The  pulse  duration  is 
1.7  ps  full  width  at  half-maximum  (FWHM)  assuming  a  sech  pulse  shape.  The  spectrum  of  the  pulse  was 
measured  using  a  grating  spectrometer  and  an  optical  multichannel  analyzer.  The  FWHM  of  the  band¬ 
width  was  0.67  nm.  Thus,  the  pulses  had  a  time-bandw'idth  product  of  0.30.  which  is  at  the  Fourier  limit. 

Scaling  of  operating  parameters  can  be  carried  out  in  order  to  evaluate  design  trade-offs  between 
self-starting,  output  power,  and  pulse  duration.  Increasing  the  fiber  length  from  83  to  155  cm  approxi¬ 
mately  doubles  the  nonlinear  phase  change  at  a  given  intensity.  By  using  a  beamsplitter  with  90-percent 
reflectivity,  the  threshold  for  self-starting  was  reduced  to  35  mW  of  power  in  the  fiber.  However,  the 
pulse  durations  were  increased  to  2.3  ps  because  of  dispersive  broadening  in  the  fiber.  The  increased 
nonlinear  phase  shift  from  the  increased  fiber  length  can  also  be  traded  off  against  the  Q  of  the  external 
cavity  and  the  laser  output  power.  Decreasing  the  reflectivity  of  the  beamsplitter  to  70  percent  resulted  in 
a  self-starting  threshold  of  85  mW.  which  was  comparable  to  the  value  obtained  using  an  83-cm  fiber 
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Figure  2-5.  Autocorrelation  of  self-starring  additive-pulse  mode-locked  laser  output  showing  a  pulse  duration  of 
17  ps  (assuming  sech  pulse  shape). 


with  a  beamsplitter  reflectivity  of  90  percent.  However,  operating  at  full  power  produced  a  60-mW 
output  compared  with  25  mW  for  the  former  case.  It  should  also  be  possible  to  increase  the  output  power 
by  decreasing  loss  otner  than  from  beamsplitter  transmission  in  the  external  cavity. 

In  the  limit  of  low  dispersion,  self-starting  additive-pulse  mode  locking  is  analogous  to  fast  satu¬ 
rable-absorber  mode  locking.  For  saturable-absorber  mode  locking,  the  pulse  width  is  inversely  propor¬ 
tional  to  the  gain  bandwidth,  rather  than  inversely  proportional  to  the  square  root  of  gain  bandwidth  as  in 
active  mode  locking.  Consequently,  much  shorter  pulses  are  realizable  for  additive-pulse  mode  locking 
than  for  active  mode  locking.  Even  shorter  pulse  durations  can  be  anticipated  in  Nd:YLF  or  Nd:glass 
where  the  gain  bandwidth  is  broader. 

J.  Goodberlet*  J.  Jacobsen* 

J.G.  Fujimoto*  T.Y.  Fan 

P.A.  Schulz 


*Department  of  Electrical  Engineering  and  Computer  Science  and  Research  Laboratory  of  Electronics, 
Massachusetts  In'  itute  of  Technology,  Cambridge,  Massachusetts. 
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2.3  EFFICIENT  COUPLING  OF  MULTIPLE  DIODE  LASER  ARRAYS 
TO  AN  OPTICAL  FIBER 

While  diode  lasers  are  efficient  sources  of  radiation,  methods  of  coupling  these  devices  to  an 
optical  fiber  have  been  inadequate.  Here,  we  demonstrate  that  three  high-power  diode  arrays  can  be 
efficiently  coupled  to  a  multimode  optical  fiber  by  geometric  multiplexing  [5],  In  principle,  many  more 
than  three  arrays  can  be  used  and  tens  of  watts  of  power  could  be  obtained  from  a  single  fiber  with 
incoherent  multiple-diode-array  input,  which  should  allow  diode  lasers  to  be  used  in  applications  that 
require  high  power  and  a  convenient  delivery  system. 

A  schematic  of  an  experiment  using  three  commercial  GaAlAs  diode  laser  arrays  is  shown  in 
Figure  2-6.  Each  diode  array  is  collimated  with  a  lens.  The  beams  pass  through  a  prism  beam  expander  to 
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Figure  2-6.  Schematic  of  multiple  diode  laser  arrays  coupled  to  a  multimode  fiber  in  planes  (a)  perpendicular  and  (h) 
parallel  to  the  junction. 
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enlarge  the  beams  ~  5  times  in  the  plane  parallel  to  the  junctions  of  the  arrays.  The  combined  beam  is 
focused  into  an  optical  fiber  with  a  200-^m  core  and  0.37  numerical  aperture  using  a  lens  of  15-cm  focal 
length,  with  a  1-m  cylindrical  lens  to  correct  for  a  small  amount  of  astigmatism.  In  a  preliminary 
experiment,  power  at  the  output  of  the  fiber  was  465  mW,  which  is  52  percent  of  the  892-mW  power 
incident  on  the  input  face.  The  coupling  efficiencies  for  each  array  operating  separately  were  47,  54  and 
53  percent  for  the  top,  middle  and  bottom  arrays,  respectively.  It  should  be  possible  to  improve  the 
coupling  efficiency  with  antireflection  coatings  on  the  fiber  input  and  output  and  with  the  use  of  better 
coupling  optics. 

For  efficient  coupling  to  a  multimode  fiber,  the  radiation  must  be  focused  to  a  spot  smaller  than  the 
core  and  its  convergence  angle  must  be  inside  a  cone  angle  given  by  the  fiber’s  numerical  aperture.  The 
principle  of  conservation  of  radiance  for  the  input  beam  and  the  fiber  characteristics  set  a  limit  on  the 
input  beam  quality  for  efficient  coupling  to  the  fiber  [6,7],  A  beam  can  be  efficiently  coupled  to  a 
multimode  fiber  as  long  as  its  beam  quality  (expressed  in  number  of  times  diffraction  limited)  is  better 
than  a  critical  beam  quality  of  the  fiber  BQ  ,  given  by 


)  _  ndNA 
c~  2A 


(2.1) 


Here,  d  is  the  fiber  core  diameter,  NA  is  its  numerical  aperture,  and  A  is  the  wavelength. 

We  have  calculated  the  number  of  sources  that  can  be  coupled  to  a  single  fiber  in  the  case  of 
geometric  multiplexing  based  on  the  characteristics  of  the  diode  array  output  beam  and  the  optical  fiber 
used  in  the  above  experiment  and  Equation  (2.1).  The  result  indicates  that  it  should  be  possible  to  couple 
over  100  of  these  arrays  efficiently  into  this  multimode  fiber,  which  would  lead  to  tens  of  watts  of  power 
at  the  fiber  output.  A  basic  scaling  law  derived  from  the  analysis  is  that  the  number  of  identical  sources 
that  can  be  coupled  efficiently  into  a  multimode  fiber  is  proportional  to  the  square  of  the  product  of  the 
core  diameter  and  numerical  aperture. 

The  increased  power  that  can  be  obtained  by  coupling  of  multiple  sources  into  an  optical  fiber 
could  lead  to  new  uses  of  diode  laser  sources  in  industrial  and  medical  applications.  Another  application 
is  in  pumping  solid  state  lasers;  by  coupling  multiple  sources  into  a  single  fiber,  the  brightness  at  the 
output  can  be  higher  than  with  the  use  of  fiber  bundles  in  which  each  diode  source  is  coupled  to  an 
individual  fiber.  This  technique  may  also  be  useful  for  wavelength  division  multiplexing  of  large  num¬ 
bers  of  sources  in  applications  where  modal  dispersion  effects  are  not  important. 

T.Y.  Fan 


2.4  THERMAL  AND  ABSORPTIVE  PROPERTIES  OF  LiB3Os 

A  long-pulse-length  sodium-resonance  source  having  0.5-J  energy  per  pulse  at  0.589  fjm  and 
10-Hz  pulse  repetition  frequency  has  been  obtained  by  sum-frequency  mixing  the  1.064-  and  1.319-/im 
Nd:YAG  laser  radiation  in  lithium  iodate  (LilO^)  [8].  Despite  this,  the  search  for  an  alternative  sum- 
frequency-mixing  crystal  continues,  because  of  the  extremely  narrow  acceptance  angle  and  large  walkoff 
in  LilO^  as  well  as  its  known  proclivity  to  fatigue,  which  is  manifested  by  sudden  catastrophic  damage  to 
the  crystal  after  successful  operation  for  a  time  period  varying  from  several  minutes  to  many  hours. 
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For  this  reason  we  have  begun  to  study  the  frequency  conversion  properties  of  lithium  triborate 
(LiB^CL.  commonly  referred  to  as  LBO).  a  recently  discovered  nonlinear  optical  material  |9|.  It  is 
transparent  from  160  nm  to  2.6  jut n  and  has  an  effective  nonlinear  susceptibility  for  frequency  doubling 
that  is  approximately  half  that  of  LilOv  At  short  pulse  lengths  (r  =  0.1  ns)  LBO  is  believed  to  have  the 
highest  damage  threshold  of  any  nonlinear  optical  crystal  measured  to  date  |9).  It  remains  to  be  seen 
whether  this  high  damage  threshold  carries  over  to  long-pulse-length  radiation  ( r  =  100  p s). 

An  uncoated  crystal  of  LBO  measuring  3  x  3.4  x  11.7  mm.  grown  in  mainland  China,  was 
obtained  for  study.  It  was  oriented  for  noncritical  phase  matching,  with  the  irradiating  beam  directed 
along  the  Y-axis.  Initial  experiments  were  carried  out  to  determine  the  temperature  and  thermal  sensitiv¬ 
ity  of  LBO  for  noncritical  frequency  doubling  of  1.06  and  1.32  p m.  and  for  frequency  summing  of  1.06 
and  1.32  pm.  The  results  are  shown  in  Figure  2-7.  They  indicate  a  significant  temperature  sensitivity  that 
increases  with  increasing  frequency.  However,  the  thermal  bandwidth  at  these  conversion  frequencies 
appears  to  be  sufficiently  broad  to  permit  thermal  control,  even  at  high-average-power  levels,  in  contrast 
to  the  situation  in  KNbO^  and  LiNbOv  The  occurrence  of  a  peak  temperature  for  summing  1.06  and 
1.32  ^nt  which  is  slightly  above  ambient  indicates  that  one  can  conveniently  control  the  temperature  to 
ensure  near-peak  operation  with  noncritical  phase  matching,  thereby  ensuring  a  large  acceptance  angle 
and  essentially  zero  walkoff. 


1 496S4  ■  3 


Figure  2-7.  Noncritical  phase-matching  temperature  and  thermal  handwidths  in  LiB f).  with  radiation  directed 
ahnu  the  X-axis  for  iat  frequency  doubling  I J2  pm.  tht  frequency  summing  1 .06  and  I J2  pm.  and  (ci  frequence 
donblinx  1 .06  pm. 
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The  ability  of  LBO  to  retain  its  high  damage  threshold  under  long-pulse-length  and  high-average- 
power  eonditions  must  ultimately  depend  on  the  material  having  low  optical  absorption  at  the  frequen¬ 
cies  involved.  We  used  the  laser  calorimetry  technique  described  by  Fan  and  DeFeo  [10]  to  study  the 
absorption  of  LBO  at  1 .32,  1 .06  and  0.53  jUm.  The  absorption  coefficient  a  is  given  by 


a  = 


ATc  m 
P 

LPr 


(2.2) 


where  AT  is  the  temperature  shift  upon  removal  of  power  P  (internal  to  the  sample),  c  is  the  specific  heat 
of  LBO,  m  and  L  are  the  mass  and  length  of  the  sample,  respectively,  and  r  is  the  time  constant  of  the 
exponential  temperature  decrease.  The  absorption  determination  was  complicated  by  the  existence  of  a 
major  scattering  center  within  the  LBO  crystal.  Although  the  crystal  appeared  to  be  clear,  the  presence  of 
the  scattering  center  could  be  either  observed  directly  when  illuminated  by  visible  radiation  at  0.53  /rm, 
or  looked  at  with  an  IR  viewer  at  1.06  /urn.  To  determine  the  intrinsic  absorption  values  of  LBO  given 
below,  it  was  essential  that  the  laser  radiation  avoid  the  scattering  center  since  illumination  of  the 
scattering  center  increases  the  temperature  variation  AT  by  over  an  order  of  magnitude.  All  factors  in 
Equation  (2.2)  are  measured  in  the  course  of  the  experiment,  except  for  c  ,  which  is  unknown  for  LBO. 
On  the  basis  of  c  values  of  various  lithium-  and  boron-containing  oxides  [1 1]  a  probable  value  of  c  = 
1.3  J/gm  K  was  cfiosen  for  use  in  Equation  (2.2). 

The  resultant  values  of  the  absorption  coefficient  obtained  for  LBO,  with  a  probable  error  of 
~  30  percent,  were  1.2  x  10  *  cm'1  at  1.32  ^m,  1.8  x  10  *  cm'1  at  1.06  /dm,  and  1.7  x  10 3  cm  1  at  0.53  fdm. 
These  values  indicate  that  the  intrinsic  optical  absorption  in  LBO  is  comparable  to  that  in  LiIOv  and  is 
significantly  lower  than  in  KTP  or  LiNbO^  [12],  These  results  are  encouraging.  However,  other  samples 
will  need  to  be  investigated  to  establish  if  the  presence  of  a  major  scattering  center  in  our  sample  is 
indicative  of  a  serious  quality  control  problem  involved  in  the  growth  of  LBO  crystals. 


N.  Menyuk 
J.  Korn 


2.5  MECHANICAL  BEAM  SCANNING  FOR  OPTICAL  MIXING 

IN  NONLINEAR  CRYSTALS 

For  high-efficiency  generation  of  the  optical  harmonics,  high  intensities  are  required  in  the  interac¬ 
tion  volume.  In  most  practical  applications  this  high-intensity  radiation  stresses  the  nonlinear  crystal,  and 
damage  considerations  are  important.  For  short-pulse  operation,  as  when  radiation  from  (7-switched 
lasers  is  employed,  fast  optical  damage  mechanisms  determine  the  limitations.  For  CW  or  long-pulse 
(>  10  /rs)  operation,  localized  heating  of  the  mixing  crystal  due  to  absorption  may  impose  further 
limitations  on  performance.  Such  heating  may  result  in  loss  of  phase  matching  or  mechanical  fracture  of 
the  crystal.  Localized  heating  of  the  crystal  may  be  alleviated  by  mechanically  scanning  the  interacting 
radiation  through  the  nonlinear  crystal,  so  as  to  distribute  the  heat  in  a  volume  that  is  several  times  larger 
than  the  instantaneous  mixing  volume.  Ways  in  which  the  interaction  region  for  harmonic  mixing  can  be 
mechanically  scanned  through  a  nonlinear  crystal  with  sufficient  speed  to  alleviate  localized  heating  have 
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been  examined,  and  a  practical  experiment  that  demonstrates  the  principles  involved  has  been  carried 
out.  Because  it  is  the  simplest  case,  only  second-harmonic  generation  will  be  described;  however,  the 
underlying  concepts  can  equally  be  applied  to  sum-  and  difference-frequency  generation. 

As  a  typical  second-harmonic  generation  geometry,  consider  the  type  I  interaction  in  LilO^  for 
1.06-/im  radiation,  sketched  in  Figure  2-8;  for  simplicity,  it  is  assumed  that  proper  phase  matching  is 
achieved  at  normal  incidence  of  the  fundamental  beam.  As  is  well  known  [131,  for  second-harmonic 
generation  to  occur  coherently  along  the  crystal  thickness  T,  the  input  laser  beam  has  to  be  contained 
within  the  acceptance  angle,  which  can  be  quite  narrow  in  the  plane  of  the  figure;  for  example,  for  a 
1-cm-thick  LilO,  crystal,  the  tolerance  is  about  0.34  mrad.  The  angle  in  the  plane  normal  to  the  figure  is 
much  less  critical.  Depending  on  the  crystal  employed,  a  particular  orientation  of  the  crystallographic 
X-  and  T-directions  may  also  be  required.  If  the  laser  beam  is  moved  to  distribute  the  heat,  the  above 
geometric  conditions  must  be  satisfied  during  the  scan. 


Figure  2-S.  Illustration  of  second-harmonic  generation. 


A  very  simple  way  of  implementing  a  pure  translation  of  a  beam  of  radiation  involves  the  use  of  a 
rotating  flat  mirror  and  a  lens  [14].  A  stationary  beam  is  reflected  by  a  mirror  onto  a  converging  lens.  As 
the  mirror  rotates  around  a  point  in  the  focal  plane  of  the  lens,  the  beam  refracted  by  the  lens  moves 
parallel  to  itself.  This  is  illustrated  in  Figure  2-9  for  three  orientations  of  the  spinning  mirror  (M^). 
Strictly,  the  motion  is  an  exact  translation  only  if  M  rotates  around  the  center  of  the  incoming  beam;  in 
practice,  it  is  quite  easy  to  keep  the  direction  constant  within  a  small  fraction  of  a  milliradian.  Collima- 
tion  of  the  scanned  beam,  so  as  to  achieve  a  focus  in  the  nonlinear  crystal,  can  be  adjusted  by  suitable 
optics  (spherical  or  cylindrical)  placed  before  the  mirror.  For  reasonable  angles  of  incidence,  the  state  of 
polarization  of  the  scanned  beam  is  maintained  during  the  scan.  It  should  be  noted  that  a  parabolic  mirror 
or  any  suitable  combination  of  reflective-refractive  optics  can  be  used  in  place  of  the  lens  of  Figure  2-9. 
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Figure  2-9.  Schematic  of  the  configuration  for  rapid  translation  of  laser  radiation  through  a  nonlinear  crystal  while 
maintaining  phase  matching.  The  laser  radiation  is  reflected  from  a  spinning  mirror  ( M  >  and  then  propagates  along 
a  conical  path  to  a  lens  that  collimates  the  radiation  along  the  M^lens  axis.  Subsequently,  the  laser  radiation  enters 
a  nonlinear  crystal  that  produces  second-harmonic  radiation.  The  latter  radiation  may  then  be  retroreflected  from  a 
flat  mirror  (M1).  which  is  placed  after  the  mixing  crystal,  and  separated  from  the  input  laser  radiation  after  reflection 
from  M  r 


To  apply  the  concept  to  second-harmonic  generation,  the  doubling  crystal  is  placed  at  the  focus  of 
the  moving  beam  (a  distance  /  behind  the  lens  in  the  case  of  Figure  2-9,  which  shows  a  collimated 
incoming  beam).  The  harmonic  output  can  then  be  sent  to  suitable  optics  to  obtain  a  stationary  output 
beam.  In  some  cases,  it  should  be  easy  to  achieve  this  result  in  a  compact  design,  by  just  retroreflecting 
the  second-harmonic-generated  beam  from  a  flat  mirror  (MJ  placed  a  short  distance  past  the  mixing 
crystal.  Separation  of  the  second  harmonic  from  the  fundamental  can  easily  be  achieved  by  using 
dichroic  or  polarizing  beamsplitters,  or  by  spatially  offsetting  the  second-harmonic-generated  beam 
returning  to  through  a  small  tilt  in  M r  In  this  arrangement,  only  one  rotating  component,  Mr  is 
required  to  generate  and  undo  the  beam  scan. 

The  choice  of  mechanism  used  to  impart  motion  to  the  spinning  mirror  depends  on  the  required 
scanning  speed  and  whether  operation  is  continuous  or  pulsed.  For  continuous  operation,  it  is  very  easy 
to  obtain  a  near-circular  scan  by  mounting  M  (Figure  2-9)  on  the  shaft  of  a  motor,  with  a  small  angle  5 
between  the  normal  axis  of  mirror  rotation  and  the  motor  axis  [14].  (An  exactly  circular  scan  is  generated 
if  the  stationary  input  beam  is  directed  along  the  lens  axis;  however,  because  of  the  geometry  [Figure 
2-9]  there  is  a  small  ellipticity,  which  is  of  no  consequence.)  If  QM  denotes  the  motor  angular  speed,  the 
scan  speed  is  Q^/Tan  25,  along  a  circle  of  diameter  2/ tan  25.  As  an  example,  a  5-cm-diam.  circle  can  be 
scanned  at  63  m/s  with  a  mirror  rotating  at  24,000  rpm.  At  this  speed  the  radiation  will  travel  6.3  mm  in 
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100  /is.  For  pulsed  operation,  a  discontinuous  scan  (synchronized  to  the  input  beam  pulses)  can  offer 
both  faster  sweep  and  better  utilization  of  the  volume  of  the  nonlinear  material.  By  referring  again  to 
Figure  2-9,  it  can  be  seen  that  if  the  axis  of  rotation  of  the  mitTor  is  contained  in  its  plane,  twice  the  full 
angular  speed  of  the  motor  is  imparted  to  the  dvfLctcd  beam.  The  linear  scan  speed,  therefore,  increases 
by  the  factor  2/tan  25  over  the  expression  given  above.  For  long-pulse  operation,  it  mu',  becomes  quite 
feasible  to  stretch  a  single  pulse  over  several  centimeters  of  crystal.  An  extension  to  a  rectangular  raster 
scan  can  easily  be  devised,  and  this  could  be  of  considerable  interest  for  high-power  applications. 

The  circular  scanning  technique  has  been  demonstrated  to  maintain  second-harmonic-generation 
phase  matching  over  the  full  scan  of  the  laser  beam.  A  1 ,06-jUm  laser  beam  was  reflected  from  a  mirror 
that  was  spinning  at  68  Hz.  The  axis  of  the  cone  scanned  by  the  laser  beam  was  aligned  with  the  optical 
axis  of  a  lens  of  1-m  focal  length,  which  was  placed  ~  1  m  from  the  spinning  mirror.  The  1.06-//m  beam 
described  a  2-cm-diam.  circle  at  the  lens  position.  By  careful  positioning  of  this  lens  it  was  possible  to 
obtain  a  very  nearly  cylindrical  scan  of  the  laser  beam  around  the  optical  axis  of  the  lens.  The  laser  beam 
then  described  a  2-cm-diam.  circle  at  the  3-cm-long  LilO,  crystal.  A  focusable  beam-expanding  tele¬ 
scope  was  inserted  along  the  path  of  the  incoming  I.06-/im  laser  beam.  Careful  adjustment  of  this 
telescope  made  the  divergence  of  the  scanned  laser  beam  less  than  the  minimum  acceptance  angle  of  the 
nonlinear  crystal. 

The  acceptance  angle  of  a  3-cm-long  LilO,  crystal  for  1.06-//m  second-harmonic  generation  is 
0.11  mrad  in  the  plane  perpendicular  to  the  laser  beam  polarization  vector  and  16  mrad  in  the  plane 
containing  the  polarization  vector.  This  asymmetry  in  the  angular  acceptance  of  the  LilO,  crystal  pro¬ 
vides  a  convenient  means  for  measuring  the  sensitivity  of  the  collimation  of  the  laser  beam  to  the 
position  of  the  lens.  For  example,  if  the  lens  is  too  close  to  (or  far  from)  the  spinning  mirror,  then  the 
laser  beam  will  rotate  about  the  surface  of  a  diverging  (or  converging)  cone  and  will  alternately  go  in  and 
out  of  the  phase-matching  acceptance  angle  of  the  LilO,  crystal.  When  the  beam  is  moving  parallel  to  the 
polarization  vector,  then  a  slight  deviation  (>  0.02  mrad)  of  the  laser  beam  from  the  phase-matching 
condition  will  result  in  reduced  second-harmonic  generation.  When  the  beam  is  moving  perpendicular  to 
the  polarization  vector,  then  a  deviation  up  to  2.8  mrad  will  result  in  negligible  change  in  the  second- 
harmonic  generation.  Since  the  laser  beam  passes  through  the  angle-sensitive  plane  two  times  per  revolu¬ 
tion,  the  variation  in  second-harmonic  power  occurs  at  two  times  the  frequency  of  rotation  of  the  mirror. 
The  variation  in  second-harmonic  power  as  a  function  of  lens  position  is  shown  in  Figure  2-10.  As  can  be 
seen,  proper  placement  of  the  lens  resulted  in  less  than  2-percent  variation  of  the  second-harmonic 
generation,  indicating  that  the  laser  beam  rotated  about  a  cone  with  less  than  about  0.02-mrad  diver¬ 
gence.  In  addition,  a  ±  0.5-cm  change  in  the  lens  position  resulted  in  less  than  a  10-percent  variation  in 
second-harmonic  generation. 

V.  Daneu 

T.H. Jeys 

J.  Korn 
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Figure  2-10.  Variation  in  second-harmonic  power  as  a  result  of  spinning  of  the  fundamental  radiation  through  a 
circular  path  in  the  LilO  (  crystal,  as  a  function  of  the  position  of  the  collimating  lens. 
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3.  MATERIALS  RESEARCH 


3.1  InGaAs/AlGaAs  STRAINED  SINGLE-QUANTUM-WELL  DIODE  LASERS 

Strained  quantum-well  InGaAs/AlGaAs  lasers,  in  which  the  InGaAs  active  layer  is  thin  enough  for 
the  strain  to  be  elastically  accommodated,  are  currently  of  considerable  interest  {1-7]  because  the  emis¬ 
sion  wavelength  can  be  extended  to  ~  1.1  /urn,  compared  with  a  long-wavelength  limit  of  ~  0.9  gm  for 
GaAs/AlGaAs  lasers.  Potential  applications  include  pumping  Er,+-doped  fiber  amplifiers  [8]  at  0.98  pm 
and  obtaining  blue-green  laser  emission  by  frequency  doubling.  Since  the  compressive  strain  in  the 
InGaAs  layer  splits  the  degenerate  valence  band,  thereby  reducing  the  effective  density  of  states,  lower 
threshold  current  densities  J  have  been  predicted  for  the  strained  lasers  compared  with  unstrained  lasers 
[9,10].  However,  the  observed  reduction  has  not  been  as  great  as  expected.  The  lowest  J  value  previ¬ 
ously  reported  [4]  for  InGaAs/AlGaAs  lasers  is  1 14  A/cm2  for  a  cavity  length  L  of  1540  pm,  compared 
with  85  A/cm'  reported  [11]  for  GaAs/AlGaAs  lasers  for  L  =  3000  pm.  In  addition,  InGaAs  lasers  with 
emission  wavelengths  around  1  //m  have  had  lower  differential  quantum  efficiencies  7]d  and  characteris¬ 
tic  temperatures  T  than  GaAs  devices.  Here,  we  report  InGaAs/AlGaAs  graded-index  separate-confine¬ 
ment  heterostructure  single-quantum-well  (GRIN-SCH  SQW)  lasers  emitting  at  1 .02  jum  that  have  J 
values  as  low  as  65  A/cm2  for  L  =  1500  pm.  Values  of  r\i  as  high  as  90  percent  have  been  measured  for 
L  =  300  pm.  Between  25  and  45°C,  T()=  178  K  for  L  -  1500  pm,  comparable  to  values  obtained  for 
GaAs  lasers. 

The  laser  structure  was  grown  by  organometallic  vapor  phase  epitaxy  in  a  low-pressure  vertical 
rotating-disc  reactor  [12]  using  Ga(CH?)v  A1(CH3)V  In(CH3)v  AsHv  H,Se  and  Zn(CH3)2.  The  device 
structure,  shown  in  Figure  3-1,  consists  of  the  following  layers:  l-/rm-thick  n-Al07Ga  As  cladding 


Figure  3-1 .  Structure  of  InGaAs/AlGaAs  GRIN-SCH  .Y(/W  diode  laser. 
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layer,  0. 15-/im-thick  /7-AlGaAs  confining  layer  (AlAs  mole  fraction  linearly  graded  from  0.7  to  0.08), 
10-nm-thick  GaAs  bounding  layer,  7-nm-thick  InQ  Ga  ?5 As  active  layer,  10-nm-thick  GaAs  bounding 
layer,  0. 15-/im-thick  />-AlGaAs  confining  layer  (AlAs  mole  fraction  graded  from  0.08  to  0.7),  l-/im- 
thick  p-Al07GaQ1As  cladding  layer,  and  0.1-/im-?hick  p+-GaAs  contacting  layer.  The  AlGaAs  layers 
were  grown  at  800°C,  and  the  InGaAs  layer  was  grown  at  640°C.  The  surface  morphology  was  ex¬ 
tremely  smooth  with  no  texture  seen  under  a  Nomarski  interference  microscope.  As  discussed  below,  the 
thin  GaAs  layers  bounding  the  InGaAs  layer  are  very  important  for  obtaining  smooth  interfaces,  reducing 
J  ,  and  increasing  t]  .  The  composition  of  the  active  layer  was  found  bv  using  room-temperature  pho¬ 
toluminescence  measurements  to  determine  the  bandgap  of  a  thick  InGaAs  iayer  grown  under  the  same 
conditions  on  a  separate  GaAs  substrate  and  applying  the  expression  given  by  Kolbas  et  al.  [13]  for  the 
relationship  between  the  bandgap  and  InAs  mole  fraction  of  InGaAs  alloys. 

The  characteristics  of  broad-stripe  lasers  either  100  or  300  /urn  wide  were  measured  using  200-ns 
pulses  at  10  kHz.  The  emission  wavelength  was  ~  1.02  /im ,  very  close  to  the  value  calculated  by  Kolbas 
et  al.  [13]  for  a  7-nm-thick  In(n5Ga07,_As  active  layer.  Light  output  measurements  were  made  using 
a  calibrated  Si  detector.  Figure  3-2  shows  7  h  as  a  function  o'  L  for  100-/im-wide  lasers.  The  value  of  J 
decreases  monotonically  from  ~  175  A/cm2  for  L  =  300  /urn  to  ~  65  A/cm2  for  L  =  1500  //m,  then  remains 
constant.  These  low  values  are  believed  to  be  the  result  of  the  compressive  strain  in  the  active  layer  as 
well  as  tight  optical  confinement  and  good  interfaces.  Plotting  J  vs  \/L  yields  a  straight  line  with  slope 
corresponding  to  a  gain  coefficient  of  0.085  cm  /im  A1,  compared  with  0.069  cm  /im  A  1  reported  by 
Welch  et  al.  [7]  for  InGaAs/AlGaAs  lasers  with  InAs  mole  fractions  of  0.1  and  0.2. 


Fixat  e  .1-2.  Threshold  current  density  J  of  InGaAs/ AlGaAs  diode  lasers  as  a  function  of  cavity  length  L 
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For  the  100-/im-wide  lasers,  decreases  from  90  to  50  percent  as  L  is  increased  from  300  to 
2000  jum.  Figure  3-3  shows  the  dependence  of  rjj1  on  L.  The  straight  line  drawn  through  the  points  yields 
a  value  of  ~  100  percent  for  the  internal  quantum  efficiency  /]..  The  value  of  the  internal  loss  coefficient 
a  calculated  from  the  slope  of  this  line  is  ~  5  cm'1,  compared  w  ith  values  of  2  to  3  cm'1  that  we  obtain 
for  our  best  GaAs/AlGaAs  GRIN-SCH  SQW  lasers  [12],  the  structure  of  which  is  designed  to  reduce 
losses  due  to  free-carrier  absorption  in  the  AlGaAs  cladding  layers.  The  temperature  dependence  of 
threshold  current  measured  for  InGaAs/AlGaAs  lasers  between  25  and  45°C  yields  Rvalues  of  178,  159 
and  137  K  for  L  -  1500,  1000  and  300  /um,  respectively.  The  values  of  T()  obtained  from  data  between  45 
and  65°C  are  30  to  40  K  lower. 


Figure  3-3.  Reciprocal  differential  quantum  efficiency  rj  j  of  InGaAsI AlGaAs  aiode  lasers  as  a  function  of  cavity 
length  L. 


For  CW  operation,  several  devices  were  mounted  junction  side  down  on  a  copper  heat  sink  with 
indium  solder.  The  light  output  was  measured  with  a  thermopile  detector.  Figure  3-4  shows  the  light 
output  vs  current  for  an  uncoated  300-/im-wide  laser  with  L  -  1000  fu m.  The  maximum  output  power  is 
1.6  W  per  facet,  limited  by  temperature  rise.  The  value  of  q  is  about  31  percent  per  facet,  and  the  power 
conversion  efficiency  is  as  high  as  47  percent.  It  should  be  possible  to  achieve  significantly  higher  power 
efficiencies  by  decreasing  L  and  modifying  the  structure  to  reduce  internal  loss. 

To  investigate  the  effect  of  the  GaAs  bounding  layers  on  laser  performance,  we  fabricated  InGaAs/ 
AlGaAs  lasers  with  L  =  500  /im  from  three  GRIN-SCH  SQW  structures  that  differed  only  in  the 
bounding  layer  thickness  /.  Two  of  these  structures  had  t  ~  5  and  10  nm,  respectively,  while  the  third  had 
no  bounding  layers.  In  other  respects  the  three  structures  were  like  the  one  shown  in  Figure  3-1,  except 
that  the  A 1  ^ G a (  As  confining  layers  had  .v  graded  from  0.2  to  0.7,  rather  than  from  0.08  to  0.7.  The 
surface  morphology  was  excellent  for  the  structure  with  t  =  10  nm,  but  was  not  as  smooth  for  t  =  5  nm 
and  still  worse  for  the  structure  without  bounding  layers.  The  operating  characteristics  of  the  lasers  with 
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Figure  3-4.  Light  output  vs  current  for  an  InGaAslAlGaAs  laser  300  pm  wide  with  L  =  1000  pm. 


t  =  5  and  10  nm  did  not  differ  greatly  from  each  other,  with  ./  =  150  and  125  A/cm2,  respectively,  and 
with  nd  =  74  and  80  percent,  respectively.  For  the  lasers  without  GaAs  bounding  layers,  however,  Jth  rose 
sharply  to  550  A/cm2  and  fell  to  only  46  percent.  In  addition,  the  emission  wavelength  shifted  from 
~  1.02  /mi  for  the  lasers  with  GaAs  bounding  layers  to  ~  0.97  pm  for  those  without  the  layers,  as  a  result 
of  the  increase  in  J  and  the  associated  increase  in  band  filling.  It  is  clear  that  the  bounding  layers  have 
played  an  important  role  in  achieving  the  excellent  performance  of  our  strained-layer  InGaAs/AlGaAs 
lasers.  In  an  earlier  study  [2]  of  such  lasers,  incorporation  of  GaAs  bounding  layers  reduced  the  value  of 
/  h  by  about  50  percent. 

H.K.  Choi 

C.A.  Wang 
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3.2  CONDITIONS  FOR  ATOMIC  LAYER  EPITAXY  OF  GaAs  USING  OMVPE 


In  conventional  growth  of  binary  compound  semiconductors  by  such  techniques  as  molecular 
beam  epitaxy  and  organometallic  vapor  phase  epitaxy  (OMVPE),  the  substrate  is  exposed  simultaneously 
to  the  sources  of  the  two  constituent  elements.  In  atomic  layer  epitaxy  (ALE),  the  substrate  is  exposed 
alternately  to  the  two  sources  in  such  a  manner  that  epitaxial  growth  takes  place  by  the  deposition  of 
alternating  monolayers  of  the  elements  [14],  Since  this  technique  permits  precise  control  of  epilayer 
thickness  and  composition,  it  is  being  widely  investigated  for  the  growth  of  complex  structures  like 
quantum  wells  and  superlattices.  In  addition,  the  method  is  of  interest  for  heteroepitaxial  growth  in 
lattice-mismatched  systems,  where  an  initial  tw'o-dimensional  growth  step  at  low  temperature  is  fre¬ 
quently  used  in  order  to  avoid  island  formation. 

In  the  case  of  the  II- VI  compounds,  ALE  is  inherently  a  self-limiting  process,  since  both  the  group 

II  and  group  VI  elements  ate  so  volatile  at  epitaxial  growth  temperatures  that  only  one  group  II  atom  can 
be  deposited  per  surface  group  VI  atom,  and  vice  versa.  In  the  case  of  ZnSe,  for  example,  one  monolayer 
is  the  maximum  quantity  of  Zn  that  can  be  deposited  on  a  ZnSe  substrate  by  unlimited  exposure  to  a  Zn 
source  in  the  absence  of  a  Se  flux,  and  similarly  one  monolayer  of  Se  is  the  maximum  that  can  be 
deposited  by  unlimited  exposure  to  a  pure  Se  flux.  Consequently.  ALE  of  the  II-VI  compounds  can  be 
accomplished  over  a  broad  range  of  substrate  temperatures  and  without  close  control  of  the  quantity  of 
either  element  per  exposure,  provided  that  the  quantity  in  each  case  is  sufficient  for  the  deposition  of  a 
complete  monolayer. 

For  the  III-V  compounds,  in  contrast,  ALE  is  not  fully  self-limiting.  Although  deposition  of  the 
volatile  group  V  elements  As  and  P  is  generally  limited  to  one  monolayer  if  there  is  no  flux  of  the  group 

III  element,  the  volatility  of  the  group  III  elements  Al,  Ga  and  In  is  so  low  that  in  general  the  deposition 
of  these  elements  can  exceed  one  monolayer  even  if  there  is  no  group  V  flux.  Therefore,  the  method 
requires  establishment  of  specific  growth  conditions  under  which  group  III  deposition  is  limited  to  one 
monolayer  per  exposure.  In  this  study,  we  have  determined  such  conditions  for  ALE  growth  of  GaAs  by 
OMVPE  at  temperatures  ranging  from  425  to  500°C. 

The  experiments  were  performed  in  a  vertical  rotating-disk  reactor  that  yields  GaAs  epilayers  of 
highly  uniform  thickness  when  used  for  conventional  OMVPE  growth  |I2J.  The  process  gases  are 
introduced  through  a  stainless  steel  mesh  to  ensure  uniform  flow  into  the  reactor  tube.  A  pressure-  and 
flow-balanced  vent-run  system  is  used  to  permit  rapid  switching  from  one  gas  to  another  without 
pressure  surges.  For  this  study,  the  susceptor  rotation  rate  was  20  rpm.  Trimethylgallium  (TMG)  and 
100-percent  arsine  (AsH,)  were  used  as  the  sources  of  Ga  and  As,  respectively,  and  H.,  was  used  as  the 
carrier  gas.  The  operating  pressure  was  0.2  atm  and  the  H,  flow  rate  was  10  slm.  Under  these  conditions 
the  average  gas  residence  time  in  the  reactor  is  less  than  I  s. 

The  substrates  used  for  epilayer  growth  were  undoped  semi-insulating  ( 100)  GaAs  wafers  tilted  2C 
toward  ( I  10).  To  begin  a  growth  run,  an  etch-stop  layer  of  Al()SGa()SAs  was  first  grown  by  the  conven¬ 
tional  simultaneous-exposure  procedure  at  a  substrate  temperature  of  X00°C,  using  trimethylaluminum 
(TMA)  as  the  Al  source.  The  TMG  and  TMA  were  switched  out  while  maintaining  the  AsH,  flow,  and 
the  temperature  was  reduced  to  the  value  selected  for  GaAs  growth.  The  GaAs  epilayer  was  then  grown 
by  a  series  of  deposition  cycles,  in  each  of  which  the  substrate  was  exposed  alternately  to  TMG  and 
AsHr  After  exposure  to  each  source  gas,  the  reactor  was  purged  with  pure  H,  for  a  period  of  3  s,  which 
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was  long  enough  in  relation  to  the  gas  residence  time  for  the  reactor  tube  to  be  cleared  of  that  source 
before  the  other  was  introduced.  For  the  AsH3  exposures,  AsH^  was  injected  into  the  H,  stream  for  5  s  at 
a  flow  rate  of  25  seem.  In  preliminary  experiments,  it  was  found  that  this  procedure  produced  sufficient 
As  deposition  so  that  the  GaAs  growth  rate  R  was  not  limited  by  the  AsH^  exposure.  After  completion  of 
GaAs  growth,  a  portion  of  the  wafer  was  masked  with  wax,  the  bare  GaAs  was  removed  by  etching  with 
H,0,,  down  to  the  AlGaAs  layer,  and  the  step  height  was  measured  by  Dektak  profiling.  To  obtain  R  in 
monolayers  per  growth  cycle,  the  step  height  was  divided  by  0.283  nm,  the  thickness  of  a  GaAs 
monolayer,  and  then  by  the  number  of  growth  cycles. 

In  each  series  of  growth  experiments,  the  substrate  temperature  was  kept  constant,  and  R  was 
measured  as  a  function  of  the  TMG  exposure  parameters.  In  one  type  of  experiment,  the  TMG  injection 
time  per  exposure  was  fixed  and  the  flow  rate  of  TMG  into  the  carrier  gas  stream  (which  determines  the 
TMG  concentration  in  the  reactor)  was  varied.  In  a  second  type,  the  flow  rate  was  fixed  and  the  injection 
time  was  varied.  For  experiments  of  the  first  type  with  a  fixed  injection  time  of  3  s.  Figure  3-5  shows  R 
as  a  function  of  TMG  flow  rate  at  temperatures  from  425  to  500°C.  At  each  flow  rate,  R  increases 
monotonically  with  increasing  temperature.  At  the  three  lowest  temperatures,  R  has  become  approxi¬ 
mately  constant  when  the  flow  rate  reaches  3  seem,  with  a  value  well  below  1  monolayer/cycle.  At  450, 
460  and  475°C,  although  the  data  are  less  extensive,  it  is  clear  that  the  initial  rate  of  increase  in  R  with 
increasing  flow  rate  is  not  maintained  up  to  3  seem.  At  the  higher  two  temperatures,  R  exceeds 
1  monolayer/cycle  at  3  seem. 
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TMG  FLOW  RATE  (seem) 

Figure  3-5.  Grow  th  rate  R  vs  TMG  flow'  rate  for  alternating-exposure  grow  th  of  GaAs  with  a  TMG  injection  time 
of  3  s. 

The  data  in  Figure  3-5  for  the  lower  temperatures  show  that  the  concentration  of  TMG  obtained  at 
a  flow  rate  of  3  seem  is  high  enough  so  that  it  is  not  the  factor  limiting  the  value  of  R,  while  the  data  for 
the  higher  temperatures  show  that  this  concentration  is  sufficient  to  yield  R  values  of  1  monolayer/cycle 
or  above  if  the  Ga  deposition  rate  determined  by  the  temperature  is  high  enough.  In  a  second  set  of 
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Figure  3-6.  Growth  rate  R  vs  TMG  injection  time  for  alternating-exposure  growth  of  GaAs  with  a  TMG  flow  rate 
of  3  seem. 
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Figure  3-7.  TMG  injection  time  required  for  R  =  /  monolayer!  cycle  vs  temperature  for  alternating-exposure  growth 
of  GaAs  with  a  TMG  flow  rate  of  3  seem. 


experiments,  which  was  designed  to  establish  conditions  for  ALE  over  the  whole  temperature  range,  the 
flow  rate  was  therefore  fixed  at  3  seem,  and  R  was  measured  as  a  function  of  the  TMG  injection  time. 
The  results  are  shown  in  Figure  3-6.  At  each  temperature,  with  increasing  injection  time  R  increases  to 
more  than  1  monolayer/cycle  without  saturating,  and  for  a  given  injection  time  R  increases  monotoni- 
cally  with  increasing  temperature.  The  injection  time  that  yields  R  =  1  monolayer/cycle,  as  obtained  by 
interpolation  from  the  curves  drawn  in  Figure  3-6,  is  plotted  against  temperature  in  Figure  3-7.  The  time 


33 


decreases  from  14  s  at  420°C  to  1  s  at  500°C.  The  injection  time  required  for  ALE  at  any  temperature 
within  this  range  can  be  read  off  the  curve  through  the  data  points. 

C. A.  Wang 

D. M.  Tracy 
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4.  SUBMICROMETER  TECHNOLOGY 


4.1  PLASMA-DEPOSITED  AMORPHOUS  CARBON  FILMS 

AS  PLANARIZATION  LAYERS 

Planarization  techniques  to  reduce  topography  are  essential  for  advanced  device  fabrication,  both 
to  improve  step  coverage  for  multiple-level  metallization  and  to  reduce  the  depth-of-field  limitations  in 
high-resolution  lithography.  We  have  developed  a  dry  planarization  process  utilizing  plasma-deposited 
amorphous  carbon  (a-C:H)  films.  This  method  exhibits  excellent  planarizing  effects  over  long  distances. 
Carbon  films  2.5  /Jm  thick  have  been  shown  to  reduce  the  height  of  1.5-jUm  steps  to  less  than  0.2  /Jm  for 
400-^m-wide  features. 

The  deposition  was  carried  out  in  a  conventional  13.56-MHz  RF-powered  parallel-plate  plasma- 
enhanced  chemical  vapor  deposition  (PECVD)  system.  The  characteristics  of  the  films  depend  on  the 
deposition  conditions,  including  source  gas  composition,  RF  power,  degree  of  ion  bombardment,  tem¬ 
perature,  pressure,  and  electrode  spacing.  Films  providing  long-range  planarization  are  ones  that  flow 
over  surface  topography  during  deposition.  Figure  4-1  shows  a  scanning  electron  micrograph  (SEM)  of  a 
typical  planarizing  film,  which  was  deposited  at  25°C  using  toluene  as  the  source  gas  with  a  self-induced 
dc  bias  voltage  of -10  V. 
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Figure  4-  I . 


SEM  of  1 .5 -urn-high  SiO ,  steps  planarized  with  a  2.5-fJni-thiek  PECVD  a-C .7/  film. 
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A  wide  variety  of  precursor  gases  have  been  evaluated,  but  only  those  with  a  high  carbon-to- 
hydrogen  ratio  exhibit  good  planarization  characteristics.  The  films  were  deposited  at  power  densities 
ranging  from  60  to  550  mW/cm2  and  at  pressures  varying  from  500  to  950  mTorr.  The  combination  of 
low  power  and  high  pressure  minimizes  both  the  degree  of  dissociation  in  the  gas  phase  and  the  amount 
of  cross-linking  in  the  films,  resulting  in  low-viscosity  a-C:H  films  and  a  high  degree  of  planarization. 
The  substrate  temperature  also  has  a  pronounced  effect  on  the  film  characteristics.  Figure  4-2  shows  two 
films  deposited  under  identical  conditions  except  for  a  difference  in  substrate  temperature.  The  o-C:H 
layer  deposited  at  25°C  is  nearly  perfectly  planar,  while  the  one  deposited  at  80°C  is  conformal. 
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Figure  4-2.  Effect  of  substrate  temperature  an  the  planarizr'g  properties  of  the  PECVD  a-CH  shown  hx  films 
deposited  oxer  15-pm-high  steps  at  (a)  25°C  (planarizing)  and  (h)  X0°C  (conformal) 
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A  hardening  process  may  be  required  after  deposition,  depending  on  the  subsequent  processing 
steps.  This  entails  heating  the  films  at  temperatures  between  100  and  350°C  and/or  exposing  them  to  a 
high-pressure  (500  to  950  mTorr),  low-power  (<  5  W)  inert-gas  plasma  for  a  period  of  0.25  to  2  h.  The 
most  effective  hardening  scheme  incorporates  both  a  very  low  power  N,  gas  discharge  and  elevated 
temperatures,  and  results  in  a  planarizing  layer  30  times  harder  than  an  as-deposited  film.  The  relative 
hardness  is  determined  by  the  force  necessary  to  cause  a  visible  indentation  with  a  submicrometer  stylus. 
This  process  also  removes  volatile  compounds  and  induces  cross-linking,  making  the  hardened  film  less 
soluble  in  common  organic  solvents.  A  loss  of  thickness  accompanies  the  hardening,  but  the  degree  of 
planarization  remains  the  same,  which  is  attributed  to  thermal  reflow  of  the  films  during  the  process. 

Our  method  provides  several  advantages  over  commonly  used  dry  planarization  techniques.  The 
deposition  of  the  planar  films  can  be  carried  out  at  room  temperature,  which  is  substantially  lower  than 
that  used  in  thermal  reflow  techniques  [1,2].  Compared  with  the  bias-sputter  deposition  technique  [3-5], 
this  process  minimizes  potential  radiation  damage  through  low  ion-bombardment  energy  (10  V),  and  has 
the  fast  deposition  rate  (300  nm/min)  necessary  for  high  throughput.  Our  technique  also  has  several 
advantages  over  conventional  spin-on  methods  [6],  Plasma-deposited  films  show  no  radial  dependence  of 
planarization  related  to  the  centrifugal  force  during  spinning.  In  addition,  plasma-deposited  layers  have 
both  a  higher  degree  and  longer  distance  of  planarization  than  conventional  spin-on  layers.  Figure  4-3 
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Figure  4-3.  Comparison  of  the  planarizing  properties  of  PECVD  a-C:H  films  with  those  of  three  spun-on  organic 
materials.  The  initial  step  height  was  1 .5  pm.  and  the  planarizing  film  thickness  was  3  pm.  The  degree  of  planarization 
drops  with  increasing  feature  size  for  all  tested  materials,  hut  the  PECVD  film  has  the  highest  degree  of  planarization 
<>  85  percent),  even  for  400-pm-wide  features. 
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illustrates  this  effect  by  comparing  the  degree  of  planarization  of  the  PECVD  a-C:H  films  with  that  of 
spun-on  novolac  resist,  PMMA,  and  polyimide,  as  a  function  of  feature  size.  Note  that  the  PECVD  films 
retain  ~  85-percent  planarization  even  for  the  largest  features  tested  (400  /zm),  whereas  that  of  the  spun- 
on  films  is  between  50  and  75  percent. 

The  PECVD  planarization  layers  have  been  used  in  conjunction  with  both  wet-  and  dry-deposited 
inorganic  imaging  layers  in  a  bilayer  resist  scheme  for  excimer  laser  projection  lithography.  These  a-C:H 
films  are  compatible  with  the  imaging  layers.  They  exhibit  no  thermal  or  mechanical  stress  during 
lithographic  exposure,  and  have  excellent  adhesion  during  0?  reactive  ion  etching  (RIE).  Their  etch  rate 
in  O,  RIE  is  similar  to  that  of  novolac  resists,  and  they  provide  better  than  40  to  1  selectivity  when  used 
with  an  inorganic  imaging  layer.  Patterns  have  been  defined  in  inorganic  imaging  layers  using  193-nm 
projection  lithography  and  transferred  through  the  planarizing  layer  using  O,  RIE;  SEMs  of  these  struc¬ 
tures  are  shown  for  spun-on  and  dry-deposited  inorganic  imaging  layers  in  Figures  4-4(a)  and  4-4(b). 
respectively.  The  a-C:H  planarizing  layers  were  deposited  over  1.5-jum-deep  oxide  steps,  and  the  pat¬ 
terns  in  the  inorganic  imaging  layers  were  transferred  through  the  planarizing  layer  by  O.,  RIE  at  1 50- V 
self-bias. 
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4.2  HOMOEPITAXIAL  DIAMOND  THIN  FILMS 

Electronic  devices  in  which  the  semiconducting  material  is  diamond  instead  of  the  more  commonly 
used  silicon  have  potentially  unique  properties,  such  as  high-frequency,  high-power  operation.  However, 
the  fabrication  of  such  devices  requires  significant  process  development  at  several  critical  stages.  A 
fabrication  sequence  of  an  enhancement-mode,  recessed-channel  metal-oxide-semiconductor  field-effect 
transistor  (MOSFET)  is  shown  in  Figure  4-5.  The  important  fabrication  steps  include  growth  of  device¬ 
quality  undoped  and  heavily  doped  homoepitaxial  diamond,  diamond  etching,  deposition  of  a  high- 
quality  SiO,  insulation  layer,  and  formation  of  ohmic  contacts.  Techniques  for  diamond  etching  |7]  and 
formation  of  ohmic  contacts  [8,9]  have  been  developed  for  years,  and  are  believed  not  to  be  limiting 
factors  for  the  proposed  device.  Growth  of  device-quality  homoepitaxial  diamond  1 10-12]  and  the  forma¬ 
tion  of  a  high-quality  Si02  layer  are  comparatively  recent  developments.  The  electrical  properties  of 
SiO.,  films  deposited  on  diamond  have  been  characterized  and  are  discussed  elsewhere  (13].  The  growth 
of  homoepitaxial  diamond  is  reported  here. 

A  schematic  drawing  of  the  diamond  growth  system  is  shown  in  Figure  4-6.  It  consists  of  a 
carbonized  0.5-  to  2-mm-diam.  tungsten  filament  placed  about  0.5  to  1  cm  above  a  carbon  table  that 
holds  the  diamond  substrate.  The  substrate  is  kept  at  a  temperature  in  the  range  of  750  to  900°C.  The  gas 
mixture  consists  of  3-percent  acetone  in  H,  at  a  total  pressure  of  150  Torr.  When  doped  films  are  grown. 
B(OCH^),  is  added  to  the  gas  at  an  estimated  concentration  of  5000  ppm,  just  below  that  which  results 
in  the  formation  of  boron  carbide  on  polycrystalline  diamond  films.  The  B(OCH,)?  is  obtained  from  a 
saturated  solution  of  B.,0,  in  CH^OH,  through  which  argon  is  bubbled  and  fed  into  the  growth  system 
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Figure  4-5.  Fabrication  sequence  of  an  enhancement-mode,  recessed-channel  diamond  MOSFET. 


H2,  (CH3)2CO,  B(OCH3)3 


higure  4-0.  Schematic  drawing  of  the  diamond  growth  system. 
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[14].  The  lightly  doped  layers  are  obtained  without  the  addition  of  B(OCH3)  ,  and  the  residual  boron 
from  previous  experiments  dopes  the  diamond.  Figure  4-7  shows  the  surface  morphology  of  the  lightly 
and  heavily  doped  epitaxial  diamond  films  deposited  on  substrates  oriented  along  the  three  principal 
crystal  axes.  Under  the  deposition  conditions  reported  here,  only  lightly  doped  films  on  ( 1 00)-oriented 
substrates  have  acceptable  surface  morphology  for  devices.  Heavily  doped  diamond  films  on  both  ( 1 00)- 
and  (1 10)-oriented  substrates  have  acceptable  morphology. 


149894-24 


Figure  4-7.  SEMs  of  lightly  doped  ( left )  and  heavily  doped  ( right)  homoepitaxial  diamond  films  rhe  substrate  crystal 
orientations  are  indicated  in  the  top  left  corners. 


The  epitaxial  films  have  been  characterized  crystaliographically,  electrically,  and  by  secondary  ion 
mass  spectrometry  (SIMS).  All  films  are  epitaxial  as  determined  by  v-ray  diffraction  and  reflection- 
electron  diffraction.  Only  heavily  doped  (111  )-oriented  films  show  any  indication  of  twinning  as  deter¬ 
mined  by  v-ray  diffraction.  After  epitaxial  growth  the  diamond  films  were  thinned  from  the  back  by  ArF 
laser  ablation  [15]  and  ion-beam-assisted  etching  [7]  and  then  examined  by  transmission  electron  micros¬ 
copy.  the  lightly  doped  films  on  (100)  substrates  are  defect  free  except  for  a  few  dislocations,  with  a 
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density  <  10s  cm  ",  while  lightly  doped  ( 1 10)-oriented  films  contain  a  large  number  of  dislocations. 
5  x  1010  cm  2.  The  dislocation  density  of  heavily  doped  films  on  both  (100)-  and  (1 10)-oriented  sub¬ 
strates  is  <  109  cm'2.  Other  impurities  found  at  lower  concentrations  are  molybdenum  at  5  x  1017  cm  ' 
and  nickel  at  1017  cm'3.  The  molybdenum  is  an  impurity  in  the  tungsten  wire,  and  the  nickel  is  from  the 
stainless  steel  heat  shields  in  the  growth  chamber.  Table  4-1  summarizes  the  results  of  the  epitaxial 
growth. 


TABLE  4-1 

Boron  Concentration,  Growth  Rate,  Room-Temperature  Resistivity,  and 
Resistivity-Temperature  Activation  Energy  of  Homoepitaxiai  Diamond 
Films  for  the  Three  Principal  Crystal  Axes 


Substrate 

Orientation 

Boron 

Concentration 

(cm*3) 

Growth 

Rate 

{/am  h'1) 

Resistivity 
at  25  C 
(ft  cm) 

Activation 

Energy 

(eV) 

(100) 

53  1018 

1.3 

7.4  x  103 

0.39 

(110) 

1019 

6.8 

1.7  x  103 

0.32 

(111) 

— 

1.8 

3.1  x  102 

0.30 

(100) 

1021 

6.6 

1.9  x  10'2 

<23  10'3 

(110) 

2  3  1021 

14 

3.4  x  10'3 

<23  10'3 

(111) 

1022 

— 

<  2  x  1 0'4 

<23  103 

In  summary,  diamond  transistors  have  the  potential  of  higher-frequency,  higher-power  operation 
than  is  attainable  with  Si  or  GaAs.  The  high  resistance  of  lightly  doped  diamond  need  not  limit  the 
performance  of  a  properly  designed  device.  One  such  device,  the  enhancement-mode  etched-gate  MOSFET. 
requires  the  growth  of  low-resistivity  homoepitaxiai  films,  diamond  etching,  ohmic  contact  formation, 
and  growth  of  a  device-quality  SiO,  layer  on  the  diamond.  The  growth  of  both  low-resistivity  homoepi¬ 
taxiai  films  and  device -quality  SiO,  layers  on  semiconducting  diamond  have  been  demonstrated. 

M.W.  Geis 
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5.  MICROELECTRONICS 


5.1  ENERGY-BAND  MODEL  OF  SEMI-INSULATING  GaAs  GROWN  BY  MBE 
AT  LOW  SUBSTRATE  TEMPERATURE 

There  has  been  considerable  interest  in  a  new  GaAs  material  grown  by  molecular  beam  epitaxy 
(MBE)  at  low  substrate  temperature  for  use  as  a  buffer  layer  in  GaAs  integrated  circuits  [1]  and  for 
optical  generation  of  subpicosecond  electrical  pulses  [2J.  To  achieve  the  desired  insulating  characteris¬ 
tics,  the  low-temperature  (LT)  GaAs  is  grown  at  200°C  and  annealed  in  situ  at  600°C  for  10  min  under 
an  arsenic  overpressure.  Reported  here  is  the  first  semiquantitative  energy-band  model  to  describe  the 
electron  and  hole  conduction  in  this  material. 

Some  of  the  characterization  techniques  and  results  used  to  develop  the  physical  model  of  as- 
grown  and  annealed  LT  GaAs  are  shown  in  Table  5-1.  Auger  electron  spectroscopy  [3],  particle-induced 
.v-ray  emission  [4],  and  analytical  electron  microscopy  [5]  all  confirm  that  LT  GaAs  is  nonstoichiometric 
with  about  l-at.%  excess  As,  both  as  grown  and  after  annealing.  Reflection  high-energy  electron  diffrac¬ 
tion  [4],  v-ray  diffraction  [6],  and  He  ion  channeling  [4]  indicate  that  the  unannealed  material  is  disor¬ 
dered  and  has  a  lattice  constant  slightly  larger  (~  0.1  percent)  than  that  of  high-quality  GaAs.  This 
disorder  disappears  after  annealing  even  though  the  l-at.%  excess  As  remains. 

There  is  no  near-bandgap  or  deep-level  photoluminescence  in  either  the  as-grown  or  annealed 
samples.  However,  a  1.2-eV  peak  is  observed  in  the  photoluminescence  spectrum  of  a  Si-doped  GaAs 
epitaxial  layer  grown  on  a  LT  GaAs  [4]  epitaxial  layer;  the  peak  has  been  attributed  to  a  Ga  vacancy 
(Y  )  complexed  with  a  Si  donor  (SiGa)  [7].  This  result  suggests  that  Ga  vacancies  present  in  the  LT 
GaAs  layer  outdiffuse  into  the  Si-doped  layer  during  growth. 

The  IR  absorption  data  for  LT  GaAs  indicate  that  a  very  high  concentration  of  deep-donor  levels  is 
located  ~  0.75  eV  from  the  edge  of  the  conduction  band.  The  concentration  of  these  levels  is  less  in 
annealed  than  in  as-grown  LT  GaAs,  but  is  still  unusually  high.  The  IR  absorption  coefficient  a  at  a 
photon  wavelength  X  of  1  fim  is  10,000  cm  1  and  1000  cm'1  for  as-grown  and  annealed  LT  GaAs, 
respectively.  Electron  paramagnetic  resonance  (EPR)  (5]  data  show  a  higher  concentration 
(~  5  x  1018  cm  ’)  of  singly  ionized  arsenic  antisite  defects  in  as-grown  LT  GaAs  than  reported  previ¬ 
ously  for  any  GaAs  material  [6].  This  concentration  is  below  the  EPR  detection  limit  (1  x  1018  cm  ’)  in 
the  thin  annealed  LT  GaAs  layer.  Raman  scattering  measurements  [8]  of  as-grown  LT  GaAs  layers  show 
peaks  at  258,  223,  200,  175  and  80  cm'1,  in  addition  to  an  unusual  peak  at  47  cm'1,  which  has  only  been 
reported  once  before  in  a  GaAs  Raman  spectrum  [9j.  In  annealed  LT  GaAs  only  the  223-cm  1  peak, 
attributed  to  As  interstitial  (As.)  defects,  remains.  The  200-  and  258-cm'1  peaks  are  characteristic  of  bulk 
As  and  are  attributed  to  As  microclusters.  The  80-  and  175-cm'1  peaks  are  attributed  to  defect-activated 
first-order  Raman  scattering  and  are  indicative  of  disorder. 

Temperature-dependent  conductivity  and  Hall-effect  measurements  are  very  different  for  as-grown 
and  annealed  LT  GaAs.  In  the  temperature  range  from  ~  180  to  270  K  the  conductivity  of  as-grown  LT 
GaAs  can  be  fitted  either  by  a  temperature-activated  behavior  of  the  form  exp  ( -E  JkT)  or  by  a  tempera- 
ture  dependence  of  the  form  exp  |-(Tn|/T)  ~  ].  The  temperature-activated  behavior  is  consistent 
with  nearest-neighbor  hopping  [10,1 1|,  with  an  activation  energy  E  of  ~  0.17  eV.  The  exponential 
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TABLE  5-1 

Summary  of  Material  Characterization  Parameters  of  LT  GaAs 


Technique 

Result 

As-Grown 

Annealed 

Auger  Electron  Spectroscopy 

~1  at.%  excess  As 

~1  at.%  excess  As 

Particle-Induced  X-Ray 

~1  at.%  excess  As* 

~1  at.%  excess  As* 

Emission 

Analytical  Electron  Microscopy 

~1  at.%  excess  As1" 

-1  at.%  excess  As1 

Reflection  High-Energy 

Single  crystal  <3  /jm; 

Single  crystal  <3  n m; 

Electron  Diffraction 

polycrystalline  >3 

polycrystalline  >3  jj m| 

X-Ray  Diffraction 

Dilated  lattice  constant 

Normal  lattice  constant 

He  Ion  Channeling 

Highly  disordered 

Slightly  disordered 

Photoluminescence 

No  near-bandgap  or 

No  near-bandgap  or 

deep-level  emission 

deep-level  emission 

IR  Absorption 

a  =  10,000  cm’1  at 

a  =  1 ,000  cm  1  at 

x  =  1  //m 

\  =  1  /vm 

Raman  Scattering 

Peaks  at  47.  80,  175, 
200,  223  and  358  cm'1 

Peak  at  223  cm  1 

Electron  Paramagnetic 

[AsGa*]  -  5  x  1018  cm'3 

[AsQa+]  <  1018  cm'3 

Resonance 

Hall  Effect  and  Conductivity  <r 

For  T<  120  K, 

For  100  K<  T<300  K, 

a-expHVO025] 

<t  oc  exp  ( -Eh2/kT) 

(T01025  -  140  K0  25) 

(Eh2  -  0.04  eV) 

/j  =  1  cm2/V  •  s 

or 

a  oc  exp  l-(T  p/7')0  25] 

For  120  K  <  T<  300  K, 

(T02°  25  -  50  K0-25) 

<rcc  exp  (~EM/kT) 

(Em  =  0.17  eV) 

/i  =»  1  cm 2/V  •  s 

or 

For  T>  325  K, 

<r  oc  exp  [-( T  /7)°  25] 

cr  exp  ( -Eg/kT) 

(T01025  -140K0  25) 

(Eg°*  0.75  eV) 

f.i  =  1  cm2/V  •  s 

For  T>  325  K. 

<r  °c  exp  ( -E  /kT ) 

(Eg  -  0.75  eV) 

//  *=  1 000  cm2/V  •  s 

/j  =  1 000  cm2/V  •  s 

*  As  excess  decreases  monotonically  with  growth  temperature. 

Nonuniform  As  distribution. 

$  F  or  urowili  at  200  ('. 
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dependence  of  the  conductivity  on  7~0'25  is  consistent  with  variable-range  hopping  [10,11],  where 
r  <)-5  =  140  K0,25.  Calculations  of  single-carrier  mobility  indicate  that  in  this  temperature  range  the 
mobility  /j  ~  1  cirr/V-s,  which  is  consistent  with  hopping,  but  we  cannot  determine  which  of  the  two 
hopping  mechanisms  is  operative.  Below  180  K  the  carrier  mobility  remains  approximately  1  cm2/V-s 
and  the  conductivity  can  be  fitted  only  by  the  exp  l-fT^/T)0'*5]  form,  where  again  T()  °'25  =  140  K<125. 
Above  325  K,  the  conductivity  of  as-grown  LT  GaAs  varies  as  exp  (-E  /kT)  with  activation  energy 
E  =  0.75  eV  and  u  =  1000  cm2/V-s. 

iJ 

For  annealed  LT  GaAs  at  temperatures  less  than  ~  300  K,  the  conductivity  can  be  fitted  equally 
well  by  an  activated  process  of  the  form  exp  ( -E  /kT)  where  £  =  0.04  eV  or  by  a  temperature- 

dependent  process  of  the  form  exp  [-fT^/T)0'25]  where  7"  ,a25  =  50  K° 25.  As  was  the  case  for  the  as- 
grown  material,  n  ~  1  cnT/V-s  for  temperatures  less  than  ~  300  K.  Above  325  K.  the  temperature 
dependence  of  the  conductivity  of  annealed  LT  GaAs  is  identical  to  that  of  as-grown  LT  GaAs.  For  both 
as-grown  and  annealed  LT  GaAs  the  exponential  dependence  of  the  conductivity  on  7"1  is  attributed  to 
nearest-neighbor  hopping  for  T  <  300  K,  and  to  excitation  from  deep  levels  to  the  conduction  band  for 
T  >  325  K. 

Figures  5-1  and  5-2  show  the  semiquantitative  density  of  states  and  energy  band  diagram  for  as- 
grown  and  annealed  LT  GaAs,  respectively.  The  conduction  and  valence  band  edges,  E  and  E  .  are 
modeled  as  identical  to  those  of  high-purity  GaAs  with  no  band  tailing  in  either  band,  since  none  of  the 
characterization  measurements  have  shown  evidence  for  band  tailing.  The  intrinsic  energy  level  E  is  at 
roughly  the  center  of  the  bandgap.  The  energy  distribution  of  the  density  of  states  is  shown  in  Fig¬ 
ure  5- 1(a)  for  as-grown  LT  GaAs.  From  the  IR  absorption  measurements  we  infer  that  the  density  of 
neutral  As  antisite-related  (AsCa°-related)  defects  is  about  1()20  cm''1  in  as-grown  LT  GaAs;  from  the 
EPR  measurements  we  know  that  about  5  percent  of  these  defects  (~  5  x  10IX  cm'1' are  singly  ionized 
As(h-related  (As^-related)  defects.  The  large  AsGa-related  defect  density  is  depicted  as  a  band  in  the 
center  of  the  bandgap  (E  -  0.75  eV).  Since  only  a  fraction  of  the  AsGa-related  defects  are  ionized,  the 
Fermi  level  E^  must  be  positioned  above  the  middle  of  the  AsG -related  defect  band.  In  Figure  5- 1(a),  the 
As(ja+-related  defects  are  depicted  as  a  lighter  shade  of  gray  than  the  As(. ’’-related  defects. 

The  Mott  theory  of  nearest-neighbor  hopping  associates  the  measured  activation  energy  with  the 
width  of  the  defect  band  in  which  the  hopping  occurs  110,1 1],  Therefore,  if  nearest-neighbor  hopping  is 
the  physically  operative  mechanism  in  the  temperature  range  from  ~  180  to  270  K.  the  fit  to  the  as-grown 
LT  GaAs  conductivity  data  yields  a  value  of  0.17  eV  for  the  width  of  the  As  -related  defect  band.  For 
two  reasons,  we  hypothesize  that  an  acceptor  concentration  of  approximately  5  x  10  cm'  must  be 
present  in  the  material.  First,  the  low  carrier  mobility  (~  1  cnr/V-s)  obtained  from  the  conductivity  data 
indicates  that  for  temperatures  less  than  300  K  a  hopping  conduction  mechanism,  not  free-carrier  con¬ 
duction  in  the  valence  or  conduction  band,  is  operative.  Second,  since  the  electrons  from  the  As  +- 
related  defects  are  not  in  the  conduction  band,  they  must  be  bound  to  compensating  acceptors.  Because 
the  acceptor  concentration  in  MBE-grown  GaAs  that  is  attributable  to  background  impurities  is  typically 
of  the  order  of  1015  cm  \  impurities  alone  cannot  accommodate  the  electrons  (~  5  x  1()IX  cm'1)  from  the 
As  ^  related  centers.  The  strong  peak  at  47  cm  1  in  the  as-grown  LT  GaAs  Raman  spectrum  has  been 
tentatively  identified  as  V  [8],  For  this  reason  the  compensating  acceptor  is  believed  to  be  a  V(.( 
complex,  depicted  at  F.  (  in  Figure  5- 1  (a).  An  example  of  such  a  V  (  |  acceptor  complex  is  the  L  -Si(.( 
defect  discussed  above  that  is  known  to  form  an  acceptor  level  in  n- GaAs  [7|. 
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DENSITY  OF  STATES 

(a) 


Figure  5-1 .  Preliminary  model  for  as-grown  LT  GaAs  illustrating  tat  semiquantitative  density  of  states  and  (h)  band 
diagram.  The  techniques  used  to  identify  the  defects  are  shown  in  parentheses  in  (a).  PL  indicates  plwtoluminescence; 
RS  indicates  Raman  scattering  measurements:  and  R  /?,  and  R ;  refer  to  the  three  conduction  mechanisms  discussed 
in  the  text. 
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Figure  5-2.  Preliminary  model  for  LT  GaAs  annealed  in  situ  at  600°  C  for  10  min  illustrating  (a)  semiquantitative 
density  of  states  and  (b)  band  diagram.  The  techniques  used  to  identify  the  defects  are  shown  in  parentheses  in  (a).  PL 
indicates  photoluminescence ;  RS  indicates  Raman  scattering  measurements;  and  Rr  Rn  and  R }  refer  to  conduction 
mechanisms  discussed  in  the  text. 
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The  I -at. '4  excess  As  observed  in  several  characterization  measurements,  the  ion-channeling  data, 
and  the  Raman  scattering  data  lead  to  the  conclusion  that  high  concentrations  of  As  are  present  in  as- 
grown  LT  GaAs.  Theoretical  calculations  indicate  that  the  As  delect  should  be  a  donor  with  an  energy 
level  degenerate  with  the  conduction  band  |4).  This  level  is  indicated  in  Figure  5-  1(a).  However,  the 
electrons  from  these  donor  levels  must  also  be  compensated  by  acceptors  since  the  Fermi  level  is  in  the 
middle  of  the  bandgap.  This  fact  implies  either  that  the  acceptor  density  is  sufficient  to  compensate  the 
As  donors  or  that  the  As(  defects  are  complexed  with  some  other  lattice  defect  to  form  a  neutral  pair.  It  is 
possible  that  the  compensating  acceptors  are  complexes  of  L  and  As  . 

The  electrical  conductivity  data  of  as-grown  LT  GaAs  can  be  explained  by  the  charge  carrier 
conduction  paths  shown  in  the  band  diagram  of  Figure  5- 1(b).  The  As  -related  defect  band  is  depicted 
as  a  series  of  closely  spaced  discrete  energy  levels.  At  low  temperatures  the  conduction  mechanism  is 
hole  hopping,  as  depicted  by  paths  R (  and  /?,.  Path  R  symbolizes  variable-range  hopping  and  path  R , 
represents  nearest-neighbor  hopping  [1()|.  The  hopping  species  are  holes  as  inferred  from  the  sign  of  the 
Hall  coefficient.  At  elevated  temperatures  (>  325  K)  the  electrons  can  ionize  from  the  As(./’-related 
centers  to  the  conduction  band  where  they  become  free  carriers.  This  process  is  depicted  as  R  . 

The  density  of  states  and  energy  band  diagram  of  LT  GaAs  grown  at  2()0°C  and  annealed  in  situ  at 
600°C  for  10  min  are  shown  in  Figure  5-2.  Annealing  the  LT  GaAs  reduces  the  crystal  disorder,  as 
reflected  in  the  Raman  scattering,  IR  absorption  and  conductivity  measurements.  The  lattice  constant 
relaxes  back  to  that  of  GaAs,  and  the  backscattered  yield  measured  by  ion  channeling  decreases.  This 
model  is  similar  to  that  shown  in  Figure  5-1  for  the  as-grown  material,  but  in  this  case  the  defect 
concentrations  are  substantially  lower.  From  the  IR  absorption  measurements,  the  As,. /’-related  defect 

j(l  i  x  J ti 

density  is  calculated  to  be  ~  10  cm  .  Assuming  that  nearest-neighbor  hopping  is  the  physically  opera¬ 
tive  conduction  mechanism  for  annealed  LT  GaAs  at  temperatures  less  than  ~  300  K,  we  can  associate 
the  reduction  in  the  activation  energy  from  0.17  to  0.04  eV  with  a  commensurate  narrowing  of  the 
As,,  -related  defect  band.  We  have  not  been  able  to  measure  the  concentration  of  the  As,.  +-related  defect 
in  LT  GaAs  but  know  that  such  defects  must  be  present,  since  holes  are  necessary  for  the 
hopping  conduction  mechanism  in  the  As(.  -related  defect  band.  Because  the  sign  of  the  Hall  coefficient 
indicates  that  holes  are  responsible  for  the  measured  conductivity,  E  is  positioned  above  the  middle  of 
the  band,  as  in  Figure  5- 1(a).  As  in  the  as-grown  material,  the  As  +-related  defects  require  a  compa¬ 
rable  density  of  compensating  acceptors.  Although  the  47-cm'1  Raman  peak  was  not  detected  in  annealed 
LT  GaAs.  it  is  possible  that  a  smaller  concentration  of  V7  -related  acceptors  remains.  The  Raman 
scattering  measurements  indicate  that  the  As  microprecipitates  are  removed  during  the  annealing  process 
while  the  As  defects  remain.  The  variable-range  and  nearest-neighbor  hopping  mechanisms  are  illus¬ 
trated  by  paths  R  and  R v  respectively,  and  path  R^  depicts  conduction  by  free  electrons,  as  in  Fig¬ 
ure  5- Kb).  The  high  resistivity,  high  breakdown  strength,  and  extremely  short  minority  carrier  lifetime  of 
annealed  LT  GaAs  are  attributed  to  the  very  high  density  of  partially  ionized  AsGj-related  defects  located 
at  the  center  of  the  GaAs  bandgap.  The  energy  band  models  presented  here  are  consistent  with  the 
electronic  and  optical  phenomena  observed  in  these  crystals  and  should  present  a  sound  basis  for  further 
study  of  these  materials. 

F.W.  Smith 

A.R.  Calawa 
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5.2  INVESTIGATION  OF  DOPING  PROFILE  IN  Si  PBTs  FOR  HIGH-POWER  OPERATION 


The  effects  of  variations  in  doping  profiles  along  the  direction  of  current  flow  in  Si  permeable  base 
transistors  (PBTs)  have  been  investigated.  Previously,  we  reported  the  fundamental  trade-off  be:  .veen  the 
unity-current-gain  frequency  /  and  the  breakdown  voltage  VR  for  both  uniform  and  nonuniform  doping 
profiles  for  emitter-up  Si  PBTs  [12].  These  profiles  are  easily  obtainable  using  conventional  ion  implan¬ 
tation  and  epitaxial  techniques.  In  this  report,  the  comparison  between  uniform  and  nonuniform  doping 
profiles  is  extended  to  large-signal  performance  using  a  simple  class  A  power  analysis  following  the 
methods  of  Kushner  [13].  Both  the  current-voltage  (MO  characteristics  and  doping  profiles  are  shown  in 
Figure  5-3  together  with  the  assumed  load  lines.  The  maximum  collector  voltage  (point  C)  is  limited  by 
avalanche  breakdown  to  20  V  for  the  uniformly  doped  device  as  shown  in  part  (a)  and  to  30  V  for  the 
nonuniformly  doped  device  as  shown  in  part  (b)  [12],  For  class  A  operation  this  limits  the  dc  supply 
voltage  (point  B)  of  the  uniformly  and  nonuniformly  doped  devices  to  10  and  15  V,  respectively.  The 
maximum  collector  current  /  (point  A)  is  chosen  to  maximize  the  output  pow'er  P^  for  the  uniformly 
doped  device,  and  the  identical  /  is  chosen  for  the  nonuniformly  doped  device  to  simplify  the  com¬ 
parison.  By  assuming  a  device  active  area  of  4.6  x  10 5  cm'  (/  =  0.6  A),  output  powers  of  2.25  and 

1.5  W  for  the  nonuniformly  and  uniformly  doped  devices,  respectively,  were  obtained. 

The  calculation  of  large-signal  gain  G  (=  P0jP{n)  >s  difficult  because  the  input  power  Pm  requires 
precise  knowledge  of  the  device  equivalent  input  circuit  (including  parasitics)  and  the  operating  fre¬ 
quency.  The  relative  Fjn  of  the  two  devices  is  determined  from  knowledge  of  the  base-voltage  swing  and 
average  input  capacitance  along  the  load  lines  indicated  in  Figure  5-3,  and  assumes  the  unknown  para¬ 
sitics  of  the  two  devices  are  identical.  The  smaller  base-voltage  swing  for  the  uniformly  doped  device  is 
somewhat  offset  by  its  larger  average  input  capacitance,  so  the  input  power  levels  for  both  devices  are 
within  approximately  5  percent  of  each  other.  The  lower  average  input  capacitance  associated  with  the 
nonuniformly  doped  device  is  consistent  with  the  fact  that  fT  remains  high  over  its  entire  voltage  range  as 
was  shown  in  the  earlier  report  [12].  If  the  uniformly  doped  device  is  assumed  to  have  a  gain  G  of  14  dB, 
which  is  typical  for  these  devices  at  L-band  frequencies,  then  G  calculated  for  the  nonuniformly  doped 
device  is  approximately  15.7  dB.  Note  that  the  nonuniformly  doped  device  has  a  larger  G  despite  its 
higher  output  conductance.  This  is  due  to  the  larger  P  achievable  with  the  nonuniformly  doped  device 
and  is  in  contrast  to  the  lower  maximum  small-signal  gain  one  might  expect  for  a  device  with  higher 
conductance. 

The  power-added  efficiency  fJadJ  for  a  class  A  amplifier  can  be  calculated  from  the  following 
equation: 

V  ,  -V  r  | 

„=50-2HEP!y - ,  (5.1) 

'add  w  f 

supply 

where  V  is  defined  by  the  points  designated  A  on  the  M'  characteristics  of  Figure  5-3.  Note  that  V si(  is 
slightly  larger  for  the  nonuniformly  doped  device  because  of  its  higher  on-resistance.  From  Equation 
(5.1),  values  for  r]M  of  40  and  43  percent  are  obtained  for  the  uniformly  and  nonuniformly  doped 
devices,  respectively.  If  I mix  for  the  nonuniformly  doped  device  is  chosen  to  provide  maximum  output 
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Figure  5-3.  Simulated  T\  characteristics  of  (at  uniformly  doped  and  (hi  nonuniformly  doped  etched-emitter  PBTs. 
Load  lines  in  I  a)  through  point  A  and  in  (h)  through  point  A' t  dashed  line)  correspond  to  the  maximum  output  power 
obtainable  for  the  two  devices  in  class  A  operation.  The  second  load  line  in  (b)  through  point  A  is  for  the  same  value  of 
I  as  in  ta).  enabling  a  comparison  of  power,  power-added  efficiency  and  gain  for  the  two  devices. 


power  | point  A'  in  Figure  5  3(h)]  [14],  the  same  analysis  yields  P  =  2.5  W  and  G  =  16  dB.  In  addition, 
the  nonuniformly  doped  device  should  operate  at  higher  frequencies,  because  it  has  a  higher  average  / 
than  the  uniformly  doped  device. 

D.D.  Rathman 
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5.3  CCD  IMAGER  WITH  INTEGRATED  SIGNAL  PROCESSORS 


A  full-fill-factor  charge-coupled  device  CCD  (64  x  64)  imager  with  prototype  integrated  analog 
signal  processors  has  been  fabricated.  By  combining  simple  charge-domain,  analog  signal  processors  in  a 
parallel,  pipelined  architecture,  an  integrated  signal  processor  that  performs  a  simple  edge-detection 
algorithm  in  real-time  has  been  realized.  In  particular,  object  edges  in  an  image  can  be  identified  by 
computing  the  LoG  (Laplacian  of  Gaussian)  of  the  image  [15],  which  was  implemented  by  convolving 
the  image  with  a  7  x  7-element  mask.  The  extent  of  the  convolution  mask  can  be  increased  without 
decreasing  the  processor  or  imager  throughput.  The  parallel,  pipelined  architecture  can  be  extended  to 
the  implementation  of  nonlinear  image  filters  by  proper  modification  of  the  processing  elements.  With  a 
serial  output  clock  rate  of  10  MHz,  the  signal  processor  is  capable  of  operation  at  1000  frames/s. 
Furthermore,  this  signal  processing  capability  is  implemented  with  standard  CCD  technology,  without 
decreasing  the  Fill  factor  (fraction  of  on-focal-plane  silicon  area  dedicated  to  image  sensing)  of  the 
imager,  without  significantly  increasing  power  dissipation,  and  with  only  a  15-percent  increase  in  chip 
area.  Integration  of  signal-processing  capability  with  CCD  imagers  is  especially  useful  for  machine 
vision  and  robotics  applications  where  real-time  image  analysis  is  essential.  This  prototype  device  dem¬ 
onstrates  the  feasibility  and  potential  computational  power  of  incorporating  signal  processors  directly  on 
the  imaging  device. 

Many  image-processing  algorithms  and  machine-vision  tasks  consist  of  calculations  or  operations 
performed  on  spatially  localized  neighborhoods.  Therefore,  the  highly  parallel  nature  of  these  algorithms 
can  be  effectively  exploited  if  they  are  performed  directly  on  the  imaging  device  before  the  parallel 
structure  of  the  data  is  disrupted  by  serial  data  output.  The  parallel,  pipelined  architecture  (Figure  5-4) 
provides  a  balance  of  computational  speed,  internal  clock  rate,  internal  storage,  and  I/O  bandwidth 
without  degrading  the  imager  Fill  factor.  As  all  columns  of  image  pixel  data  are  shifted  simultaneously, 
local  interactions  between  neighboring  column  elements  are  directly  performed  in  parallel.  As  row 
values  are  sequentially  clocked  through  the  processor,  local  interactions  between  neighboring  row  ele¬ 
ments  are  similarly  performed  by  using  delay  elements.  This  architecture  is  able  to  efficiently  implement 
linear  convolutions  that  are  separable  and  recursively  defined.  It  is  also  suitable  for  certain  types  of 
nonlinear  filtering  operations  that  perform  image  segmentation,  a  basic  machine-vision  task. 

A  photomicrograph  of  the  chip  is  shown  in  Figure  5-5.  A  4-/tm.  double-polysilicon,  double-metal 
CCD  process  was  used.  The  chip  is  6.5  x  5.9  mm.  For  simplicity,  a  standard  frame-transfer  imager  with 
70  x  70-/tm  pixel  size  was  fabricated.  The  imager  actually  occupies  4.5  x  4.5  mm  with  the  signal 
processor  being  only  4.5  x  0.65  mm.  While  the  size  of  the  implemented  imager  and  processor  was 
determined  by  4-/tm  design  rules,  this  prototype  integrated  imager  and  signal  processor  is  easily  scalable 
and  implementable  into  larger  imaging  arrays  and  for  more  sophisticated  image-processing  applications. 
Electrical  input  capability  was  incorporated  into  the  device  to  facilitate  initial  testing.  Functionality  of 
each  component  of  the  device  was  demonstrated.  More  detailed  device  'esting  is  in  progress,  including 
direct  optical  sensing  and  processing. 

W.  Yang 

A.M.  Chiang 
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Figure  5-5.  Photomicrograph  of  the  CCD  imager  am!  signal  processor.  Die  size  is  6.5  x  5.9  mm .  A64  x64  imager 
with  70  x  70-pm  pixel  size  has  an  overall  size  of  4.5  x4.5  mm.  The  prototype  signal  processor  is  4.5  x0.65  mm  or  about 
15  percent  of  the  imager  size. 
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6.  ANALOG  DEVICE  TECHNOLOGY 

6.1  SUBSTRATE  TEMPERATURE  MEASUREMENT 

The  properties  of  thin  films  depend  strongly  on  the  substrate  temperature  during  deposition.  Al¬ 
though  many  methods  have  been  proposed  to  measure  substrate  temperature,  a  generally  applicable 
method  is  not  available.  For  substrates  that  are  opaque  to  the  near-  or  far-infrared,  or  that  can  be 
thermally  anchored  to  a  metal  block  (as  in  deposition  of  I1I-V  semiconductors  by  molecular  beam 
epitaxy)  infrared  thermometry  can  be  used  [1],  However,  in  many  applications  the  substrate  is  transpar¬ 
ent  to  infrared  radiation,  ruling  out  this  method.  In  these  cases,  it  is  common  to  attach  a  small  thermo¬ 
couple  to  the  substrate  surface,  which  is  an  adequate  technique  provided  good  thermal  contact  can  be 
made  between  the  substrate  and  thermocouple  and  the  thermocouple  attachment  does  not  significantly 
modify  the  local  substrate  temperature.  Materials  that  have  been  used  for  attaching  thermocouples  to 
substrates  are  high-temperature  cement  and  various  gallium  alloys  [2].  However,  while  high-temperature 
cements  are  stable  under  high  pressures  of  oxygen,  they  generally  decompose  in  vacuum,  contaminating 
the  film  deposition.  In  addition,  these  cements  do  not  adhere  well  to  most  substrates.  Gallium,  on  the 
other  hand,  reacts  with  most  metals,  limiting  its  use  to  temperatures  below  500°C. 

The  problem  of  maintaining  good  thermal  contact  between  the  thermocouple  and  the  substrate  can 
be  solved  by  forming  the  thermocouple  directly  on  the  substrate  by  the  sequential  deposition  of  two 
different  metals  to  form  a  thin-film  thermocouple  [3].  However,  this  method  has  two  shortcomings.  First, 
the  emf  of  the  two  thin  films  is  usually  different  from  that  of  the  bulk  and  is  extremely  sensitive  to  the 
deposition  method,  requiring  calibration  of  each  individual  sample.  Second,  the  two  thin  films  forming 
the  thermocouple  must  still  be  connected  to  an  external  voltmeter  using  a  wire-bonding  process.  The 
junctions  between  the  bonded  wires  and  the  thermocouple  films  then  serve  as  reference  junctions. 
Consequently,  this  method  is  useful  in  applications  such  as  pulsed  laser  experiments  [4],  where  the 
instantaneous  local  temperature  is  the  quantity  of  interest.  However,  for  uniformly  heated  substrates  the 
total  emf  generated  by  the  thermocouples  is  zero  since  there  is  no  temperature  difference  between  the 
thermocouple  junction  and  the  reference  junctions. 

We  have  developed  a  simple  and  reproducible  method  to  bond  thermocouples  directly  onto  a 
substrate,  thus  circumventing  most  of  the  difficulties  of  other  techniques.  It  can  be  applied  to  most 
substrates,  it  assures  good  thermal  contact  with  the  substrate,  and  it  does  not  require  individual  calibra¬ 
tion  of  each  substrate.  In  this  method,  illustrated  in  Figure  6-1,  a  small  gold  pad  about  1  /Jm  thick  and 
2  mm  in  diameter  is  evaporated  onto  a  substrate  using  a  metal  mask.  Depending  on  the  substrate,  a  thin 
layer  (30  nm)  of  chromium  or  titanium  may  be  evaporated  prior  to  formation  of  the  gold  pad  to  promote 
adhesion  of  the  gold  to  the  substrate.  Two  25-/tm-diam.  thermocouple  wires  are  ultrasonically  bonded  to 
the  gold  pad.  The  two  thin  wires  are  very  fragile  and,  for  convenience,  they  are  connected  to  thicker 
extension  wires  having  the  same  thermoelectric  properties.  These  wires  are  then  brought  out  of  the 
deposition  system  through  a  vacuum  feedthrough  also  made  of  a  material  having  the  same  thermoelectric 
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Figure  6-1 .  Configuration  for  measurement  of  substrate  temperature  using  25 -pm  thermocouple  wires. 


properties  as  those  of  the  thin  wires  attached  to  the  substrate.  The  thin  wires  are  made  of  two  different 
Au-Pt-Pd  alloys  (14.  31  and  35  percent;  65.  0  and  35  percent)  commercially  known  as  Platinel  II 
thermocouple  alloys  [5|.  These  alloys  were  chosen  for  the  following  reasons: 

1.  They  do  not  work  harden  as  do  most  other  thermocouple  alloys.  This  allows  the  use  of 
ultrasonic  bonding  for  attaching  the  thermocouple  to  the  gold  pad. 

2.  They  have  a  large  thermopower  very  similar  to  that  of  a  Chromel-Alumel  pair,  allowing 
the  use  of  these  less  expensive  thermocouple  wires  as  expensive  thermocouple  wires  as 
extension  wires. 

3.  Their  thermal  resistance  is  large  compared  with  '.hat  of  ultrasonically  bondable  elemen¬ 
tal  wires. 

4.  They  are  stable  in  both  vacuum  and  oxidizing  atmospheres. 

Since  the  positive  and  negative  legs  of  the  thermocouple  are  both  bonded  directly  to  the  gold  pad 
and  not  on  top  of  each  other,  the  thermocouple  junction  is  formed  at  the  interface  of  the  wires  with  the 
gold  pad.  and  the  emf  measured  between  the  two  wires  is  a  true  indication  of  the  substrate  temperature  at 
the  substrate  surface.  The  only  source  of  error  is  the  local  change  in  temperature  created  by  the  thermo¬ 
couple  itself.  To  calculate  this  disturbance  we  must  know  the  heat  conductivity  o  and  emissivity  £  of 
both  the  substrate  and  the  thermocouple  wires,  which  are  not  known  in  most  situations.  Assuming 
reasonable  values  for  these  parameters  (w'ire  properties  e  =  0.2  and  a  =  20  W  m  1  K1,  substrate 
properties  £  -  0.8  and  <7  =  20  W  m  1  K  1 ).  we  find  a  maximum  difference  of  lcC  for  a  subsirate 
temperature  of  700°C.  In  these  calculations  we  have  not  taken  into  account  the  increase  in  temperature 
resulting  from  the  lower  emissivity  of  the  gold  pad  compared  with  that  of  the  substrate,  so  the  actual 
error  will  be  even  lower. 

To  verify  the  validity  of  the  method  and  to  evaluate  the  stability  of  the  thermocouple,  we  con¬ 
structed  the  small  vacuum  oven  sketched  in  Figure  6-2.  The  substrate  rests  on  a  lower  plate  that  is  heated 
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Figure  6-2.  Vacuum  oven  for  thermocouple  calibration. 


by  a  Ta  resistance  coil.  The  top  surface  is  covered  by  an  upper  plate,  and  two  Ta  heat  shields  surround 
the  heated  surfaces.  The  temperatures  of  the  upper  and  lower  plates  were  measured  using  standard 
Chromel-Alumel  thermocouples  while  the  substrate  temperature  was  measured  using  our  new  method 
and  published  values  for  the  emf  of  Platinel  II  thermocouples. 

For  an  upper-plate  temperature  T up  =  1009  K  and  a  lower-plate  temperature  =  1075  K,  we 
measured  a  substrate  temperature  T '  =  1043  K.  The  substrate  temperature  was  compared  with  calcula¬ 
tions  made  using  the  Stefan-Boltzmann  law.  Assuming  that  the  only  heat  transfer  between  the  lower 
plate,  the  substrate,  and  the  upper  plate  is  due  to  radiation  [6],  we  modeled  our  system  as  radiant  heat 
transfer  between  three  infinite  parallel  plates,  in  which  the  temperatures  of  the  upper  and  lower  plates  are 
held  constant.  Under  steady  state  conditions,  the  heat  flux  from  the  lower  plate  to  the  substrate  equals  the 
flux  from  the  substrate  to  upper  plate,  which  allows  the  substrate  temperature  to  be  calculated.  On  the 
assumption  that  the  emissivity  of  the  upper  and  lower  plates  is  the  same  and  that  the  two  sides  of  the 
substrate  have  the  same  emissivity,  T  is  related  to  T  and  T,  by 

J  s  up  low  J 


4 

up 


(6.1) 


For  7"  =  1009  K  and  T|ow  =  1075  K  this  yields  T s  =  1C  44  K,  which  is  in  excellent  agreement  with  our 
experimental  value. 

To  evaluate  stability,  we  monitored  T  while  keeping  the  T  and  T]ow  constant  for  up  to  5  h.  The 
emf  was  constant  and  indicated  a  T '  of  775°C,  For  our  application  we  do  not  expect  the  substrate 
temperature  to  exceed  700°C;  hence,  the  stability  of  the  thermocouple  is  satisfactory. 


A.C.  Westerheim 
A.C.  Anderson 
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6.2  SINGLK-TARGKT  SPIT  I  KRING  OK  Y-Ba-Cu-O 


Films  deposited  by  in  situ  methods,  where  the  substrate  is  heated  to  temperatures  high  enough  to 
promote  film  crystallization  during  deposition,  can  produce  Y-Ba-Cu-O  thin  films  with  excellent  proper¬ 
ties.  Laser-pulsed  evaporation  [7.8|  and  sputtering  | 9-131  as  well  as  simultaneous  evaporation  [  1 4 j  have 
been  used  for  this  purpose. 

The  first  investigators,  attempting  to  deposit  films  from  stoichiometric  targets  |9|,  observed  that 
the  composition  of  the  films  differed  markedly  from  that  of  the  target.  These  differences  were  explained 
as  resulting  from  film  bombardment  during  deposition  by  fast  negative  ions  formed  at  the  target  surface 
and  accelerated  toward  the  films  by  the  electric  field  in  the  space-charge  region  next  to  the  cathode. 
Three  basic  approaches  have  been  used  to  circumvent  this  problem.  The  first  |1()|  utilizes  very  high 
pressures  during  deposition  in  order  to  thermali/.e  the  fast  oxygen  atoms.  A  second  approach  1 1  1,1 2|  uses 
an  off-axis  geometry  where  the  substrate  is  placed  away  from  the  path  of  the  negative  ions.  Geerk's 
group  in  Karlsruhe  |13|  pioneered  a  third  approach  in  which  a  cylindrical  target  is  employed,  with  the 
substrate  placed  perpendicular  to  the  cylinder  axis. 

We  have  used  the  off-axis  configuration  to  deposit  films  on  different  substrates  by  RF  magnetron 
sputtering  using  a  stoichiometric  target  (Figure  6-3).  A  3-in.-diam.  commercial  magnetron  assembly  was 
modified  by  reducing  the  gap  between  the  cathode  and  ground  shield  to  allow  operation  at  higher 
pressure  (up  to  200  mT)  and  by  changing  the  magnetic  field  configuration  to  obtain  a  more  uniform 
sputtering  of  the  target.  Substrates  of  lanthanum  aluminate  (LaAlO^),  lanthanum  gallate  (LaGaO,).  stron¬ 
tium  titanate  (SrTiO^).  yttria-stabili/.ed  zirconia  (YS7.)  and  magnesium  oxide  (MgO)  were  used,  but  the 
films  deposited  on  LaAIO,  had  superior  properties  and  are  the  only  ones  discussed  in  this  report. 
Substrate  temperatures  were  kept  between  660  and  730°C  since  the  substrate  temperature  uniformity  is 
critical  for  reproducible  results.  The  sputtering  atmosphere  consisted  of  a  mixture  of  argon  and  oxygen. 
Argon  pressures  between  50  and  100  mT  and  oxygen  pressures  between  30  and  75  mT  were  used.  The 
RF  power  varied  between  100  and  250  W  although  most  films  were  deposited  at  125  or  150  W.  The 
position  of  the  target  relative  to  the  substrate  is  indicated  by  v  and  v  in  Figure  6-3;  v  was  varied  between 
5.0  and  7.0  cm  and  y  between  3.5  and  7.0  cm.  Immediately  after  sputtering.  100  Torr  of  oxygen  was 
admitted  to  the  chamber  while  the  substrate  temperature  was  lowered  to  400°C.  The  sample  was  kept  at 
thn  temperature  for  20  min. 

X-ray  diffraction  patterns  of  all  films  indicated  strong  <  -axis  orientation  (Figure  6-4).  Most  films 
had  <  -axis  lattice  constants  different  from  bulk  value  ( 1.16X8  nm)  with  1.1660  nm  <  c  <  1.1783  nm.  Hven 
at  enhanced  sensitivities  we  could  not  find  any  evidence  of  </-axis  orientation.  Films  less  than  300  nm 
were  smooth  w  hile  the  topography  of  thicker  films  was  a  strong  function  of  the  substrate  temperature  and 
the  relative  position  of  the  substrate  and  target.  Films  deposited  onto  hotter  substrates  (720°C)  usually 
had  higher  transition  temperatures  (up  to  86  K)  but  their  surface  was  rough  (100  nm  rms  for  a  500-nm- 
thick  lilmi.  while  films  deposited  at  lowest  temperatures  (660JC)  were  featureless  but  had  lower  transi¬ 
tion  temperatures  near  77  K. 
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Figure  6-4.  X-ray  diffraction  pattern  of  a  film  deposited  on  LaAIO  The  large  peaks  are  due  to  the  suh.atate 


Figure  6-5  is  a  plot  of  resistivity  as  a  function  of  temperature  for  three  films.  Curve  a  is  for  a 
16-nm-thick  film  deposited  onto  a  700°C  substrate.  The  critical  temperature  T  at  zero  resistivity  is  80  K, 
indicating  very  little  reaction  of  the  film  with  the  substrate.  Curve  b  is  for  a  210-nm-thick  film  deposited 
at  700°C.  This  film  was  patterned  into  a  38-^um-wide  line  to  measure  the  critical  current,  which  is 
plottted  vs  temperature  in  curve  b'  of  Figure  6-5.  This  film  had  the  same  T  and  resistivity  before  and 
after  patterning.  Its  resistivity  at  90  K  (150  /uQ  cm)  is  higher  than  for  single  crystals  (50  fjQ.  cm). 
Characteristic  c  is  for  a  350-nm-thick  film  deposited  at  720°C.  The  portion  of  the  curve  above  T 
extrapolates  to  zero  resistivity  at  zero  temperature.  This  is  an  indication  that  the  giain  boundaries  have 
temperature-independent  resistivity  that  is  much  smaller  than  the  temperature-dependent  resisitivity  of 
the  grains.  The  resistivity  of  this  film  at  90  K.  (58  fud  cm)  was  only  slightly  higher  than  for  single 
crystals.  The  film  was  patterned  onto  a  lOO-^m-wide  line,  but  its  current  density  could  not  be  measured 
because  the  currents  were  so  high  that  the  contact  resistance  heated  the  film. 
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Figure  6-5.  Variation  of  resistivity  with  temperature  for  a  1 60- A  film  deposited  at  700°C  using  a  dc  power  supply 
I  curve  a),  a  patterned  2 1 00- A  film  deposited  at  700°C  ( curve  h),  and  a  3500- A  film  deposited  at  720°  C  (curve  c).  The 
critical  current  vs  temperature  for  the  film  of  curve  h  is  depicted  on  the  left  (curve  b'). 


The  surface  resistance  of  a  series  of  films  deposited  onto  rectangular  substrates  (1.27  x  2.54  cm) 
was  measured  as  a  function  of  frequency  using  a  stripline  method  described  previously  1 15].  The  best 
results,  shown  in  Figure  6-6,  are  for  a  film  deposited  at  680°C.  The  transition  temperature  of  this  film 
was  not  measured,  but  the  transition  temperature  of  a  film  deposited  under  similar  conditions  was  77  K. 
Because  the  central  conductor  and  upper  ground  planes  of  the  stripline  used  in  this  method  are  made  of 
Nb,  all  measurements  of  single  films  shown  in  Figure  6-6  were  made  at  4.2  K.  To  obtain  the  temperature 
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Figure  6-6.  Surface  resistance  as  a  function  of frequency  for  a  film  deposited  at  6 80°C. 


TEMPERATURE 

Figure  6-7.  Average  surface  resistance  as  a  function  of  temperature  for  three  films  deposited  under  similar  circum¬ 
stances  at  370  MHz.  One  film,  deposited  at  700°C,  was  patterned  to  form  the  central  conductor  of  a  stripline  resonator, 
and  the  other  two  films  were  used  as  ground  planes.  Most  of  the  losses  are  due  to  the  center  conductor. 
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dependence  of  the  surface  resistance  [I6|.  a  resonator  was  made  using  three  films  of  Y-Ba-Cu-O  depos¬ 
ited  under  similar  circumstances.  The  central  conductor  for  the  stripline  resonator  was  defined  in  one  of 
the  films  using  conventional  photolithography  and  etched  using  a  0. 25-percent  phosphoric  acid  solution 
that  was  sprayed  onto  the  substrate.  Silver  contacts  8000  A  thick  were  formed  by  liftoff  and  annealed  at 
400°C  for  1  h.  The  variation  of  the  surface  resistance  of  these  films  as  a  function  of  temperature  is  shown 
in  Figure  6-7.  The  transition  temperature  for  these  films  extrapolated  from  the  RF  results  is  81  K. 

A.C.  Anderson  R.L.  Slattery 

D.E.  Oates  W.G.  Lyons 

6.3  HIGH-TEMPERATURE  SUPERCONDUCTIVE  MICROSTRIP  FILTERS 

The  newly  discovered  high-temperature  superconductors  (HTSs)  offer  great  potential  for  passive 
microwave  applications.  The  surface  resistance  of  HTS  materials,  in  particular  Y-Ba-Cu-O,  has  been 
dramatically  reduced  recently  as  the  quality  of  thin  films  of  these  materials  has  improved.  Typical  values 
of  surface  resistance  at  4  GHz  are  better  in  state-of-the-art  films  than  in  copper  by  a  factor  of  10  at  77  K 
and  a  factor  of  100  at  4.2  K  |I6|,  offering  the  possibility  of  substantial  improvement  in  microwave 
device  performance  by  utilizing  HTS  material  in  place  of  normal  metals  such  as  gold. 

To  demonstrate  the  potential  performance  benefits  of  HTS  materials,  we  chose  a  four-pole  Chebyshev 
bandpass  design  for  implementation  in  Y-Ba-Cu-O.  The  design  is  a  microstrip  configuration  with  a 
signal  line  and  a  ground  plane  on  opposite  sides  of  a  single  substrate.  Two  types  of  growth  techniques 
were  used  to  deposit  thin  films  of  Y-Ba-Cu-O.  In  the  first,  amorphous  Y-Ba-Cu-O  is  deposited  on  a 
substrate  by  coevaporation  of  BaFv  Y  and  Cu,  followed  by  a  postdeposition  annealing,  typically  at 
850°C.  in  flowing  O.,  containing  H.,0  vapor  (17J.  In  the  second.  Y-Ba-Cu-O  film  deposition  is 
accomplished  in  situ  using  off-axis  single-target  sputtering  [12),  with  substrate  temperatures  typically 
kept  between  600  and  700°C. 

Both  techniques  can  be  applied  to  produce  large-area  films  with  good  uniformity  to  at  least  a  2-in. 
diameter.  Uniformity  is  crucial  in  obtaining  low  values  of  surface  resistance  and  correspondingly  good 
microwave  device  performance.  The  postannealment  process  can  also  be  used  to  produce  films  on  both 
sides  of  a  substrate  by  annealing  both  sides  simultaneously,  while  the  current  in  situ  sputtering  process  is 
limited  to  single-sided  film  production  because  silver  paste  is  used  to  mount  the  back  side  of  the 
substrate  to  the  substrate  heater  block.  Furthermore,  the  nonequilibrium  nature  of  in  situ  growth  often 
results  in  films  with  multiphase  inclusions  and  uniformly  distributed  defects,  which  in  turn  act  to  slightly 
depress  the  superconducting  transition  temperature  of  the  HTS  films.  Transition  temperatures  of  87  K  for 
Y-Ba-Cu-O  have  been  demonstrated  using  an  optimized  in  situ  off-axis  single-target  sputtering  process 
[17),  compared  with  typical  transition  temperatures  of  91  K  for  postannealed  Y-Ba-Cu-O  films.  In 
addition  to  producing  HTS  filters  utilizing  these  two  thin-film  technologies,  we  have  fabricated  all-gold 
and  all-niobium  versions  of  the  microstrip  filters  in  order  to  verify  device  performance. 

Lanthanum  aluminate  (LaAIO,)  was  selected  for  the  1.3  x  2.3-cm  microstrip  substrate  since  this 
material  has  low-loss  microwave  properties  and  is  chemically  and  structurally  similar  enough  to 
Y-Ba-Cu-O  that  high-quality  thin  films  of  Y-Ba-Cu-O  can  be  grown  on  the  polished  surface  of  LaAlO,. 
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The  dielectric  constant  of  this  perovskite  material  (e  =  24.5)  is  larger  than  that  which  the  microwave 
circuit  design  routines  Touchstone  and  Supercompact  can  treat  with  accuracy,  so  it  was  necessary  to 
optimize  the  filter  empirically  using  gold  metallization.  The  filter  was  designed  for  a  center  frequency  of 
4  GHz  and  a  3-percent  passband.  The  device  was  optimized  on  500-^m-thick  LaAlO^  and  functioned 
with  a  slightly  narrower  passband  on  425-/im-thick  LaA10v  After  the  design  had  been  optimized,  an  all¬ 
niobium  filter  was  fabricated  as  a  reference  for  the  performance  of  the  HTS  filters.  Fabrication  of  the 
signal  lines  on  the  all-gold  filters  was  accomplished  by  plating  through  a  photoresist  mask.  For  the  all¬ 
niobium  filters,  niobium  was  deposited  by  sputtering  and  the  signal  line  was  patterned  by  reactive- 
plasma  etching. 

The  three  HTS  filters  that  were  fabricated  are  a  double-sided  postannealed  filter  with  a  Y-Ba-Cu-O 
signal  line  and  ground  plane,  a  single-sided  postannealed  filter  with  a  patterned  Y-Ba-Cu-O  signal  line 
and  a  silver  ground  plane,  and  a  single-sided  filter  grown  in  situ  with  a  Y-Ba-Cu-O  signal  line  and  a 
silver  ground  plane.  The  device  processing  for  the  double-sided  postannealed  filter  began  with  formation 
of  300  nm  of  Y-Ba-Cu-O  on  the  front  and  back  sides  of  a  0.0425  x  1.3  x  2.3-cm  LaAlO^  substrate.  A 
3-/tm  silver  film  was  evaporated  over  the  Y-Ba-Cu-O  on  the  ground-plane  side  of  the  device.  Patterning 
of  the  signal  line  was  accomplished  with  standard  AZ1470  photoresist,  overexposed  to  reduce  develop¬ 
ment  time  in  KOH.  The  Y-Ba-Cu-O  was  patterned  using  a  spray  etch  of  0.25-percent  H1P04.  which  was 
found  to  be  successful  in  preventing  the  residual  film  formation  typically  seen  with  other  wet-etching 
methods.  Undercutting  of  1  to  2  /im  is  observed  with  this  etch  but  is  not  significant  since  the  minimum 
feature  size  on  the  filter  is  66  /am,  the  size  of  the  gap  of  the  input  couplers.  A  trilayer  resist  (PMMA/Ti/ 
AZ1470)  and  liftoff  process  were  used  to  pattern  1.5-/im-thick  silver  contacts  on  the  signal  line.  Low- 
resistance  ohmic  contacts  to  the  ground  plane  and  signal  line  were  produced  by  annealing  the  structure  at 
400°C  in  flowing  O,.  Final  packaging  was  performed  using  ultrasonic  wedge  bonding  of  aluminum 
ribbon  directly  to  the  annealed  silver  ohmic  contacts  on  the  signal  line.  For  the  single-sided  postannealed 
filter  and  for  the  filter  grown  in  situ ,  the  ground  plane  side  was  left  bare  until  after  the  annealing  of 
the  ohmic  contacts  on  the  signal  line.  A  4-^tm  silver  film  was  then  evaporated  for  the  ground  plane. 
Figure  6-8  is  a  photograph  of  the  final  packaged  filter. 

Performance  measurements  of  the  all-gold  and  all-niobium  versions  of  the  filter  are  shown  in 
Figure  6-9.  The  characteristics  for  both  filters  were  consistent  with  design  goals.  The  conductor  losses  in 
the  gold  filter  broaden  the  filter  skirts  and  cause  additional  loss  in  the  passband.  Reflection  measure¬ 
ments  show  return  loss  better  than  10  dB  over  the  entire  passband  for  both  types  of  filters,  and  return  loss 
better  than  16  dB  at  the  insertion  loss  measurement  frequency.  The  packaging  did  not  influence  the  filter 
response  and,  except  for  harmonics  of  the  passband,  better  than  50-dB  out-of-band  rejection  was  ob¬ 
tained  up  to  20  GHz.  Design  simulations  indicate  that  the  gold  version  of  the  filter  would  have  a  2.5-dB 
insertion  loss  at  77  K. 

Results  at  77  K  for  the  HTS  filters  are  shown  in  Figures  6-10,  6-11,  and  6-12.  Figures  6-10  and 
6-11  illustrate  the  transmission  characteristics  of  the  double-  and  single-sided  postannealed  filters, 
respectively.  These  two  filters  were  fabricated  on  425-^m-thick  substrates  and  as  a  result  have  a  slightly 
narrower  passband  than  the  3-percent  passband  of  the  design.  The  double-sided  device  demonstrated 
insertion  loss  of  0.3  ±0.1  dB  at  77  K  and  less  than  0.1  dB  at  13  K.  The  single-sided  device  had  insertion 
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Figure  6 -X.  Superconductive  microstrip  filter  The  filters  were  fabricated  on  LmAIO  substrates  using  gold,  niobium 
and  Y-Ba-Cu-0  signal  lines. 


loss  of  0.4  ±  0. 1  dB  at  77  K  and  less  than  0. 1  dB  at  7  K.  For  both  filters,  reflection  measurements  showed 
return  loss  better  than  10  dB  over  the  entire  passband  and  better  than  16  dB  at  the  insertion  loss 
measurement  frequency,  which  were  the  same  as  for  the  gold  and  niobium  versions.  At  77  K  the  per¬ 
formance  of  the  double-sided  device  was  only  0.1  dB  better  than  that  of  the  single-sided  device;  the  use 
of  a  superconducting  ground  plane  is  clearly  not  crucial.  This  was  expected  since  most  of  the  losses  in 
this  filter  design  occur  in  the  signal  line  rather  than  in  the  ground  plane.  However,  more  aggressive  filter 
designs  with  substantially  greater  sensitivity  to  conductor  losses  will  require  two-sided  film  deposition. 
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Figure  6-9  Measured  transmission  response  of  an  all-gold  filter  at  300  K  and  of  an  all-niobium  filter  at  4.2  K.  These 
filters  were  fabricated  on  a  500-pm-thick  LaAlO }  substrate.  The  niobium  filter  has  less  than  0.1 -dB  passband  insertion 
loss  while  the  gold  filter  has  5-dB  insertion  loss. 
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Figure  6-10.  Measured  transmission  response  at  77  K  of  a  filter  fabricated  with  a  postannealed  Y-Ba-Cu-O  signal 
line  and  ground  plane  on  a  425-fum-thick  LaAlO  f  substrate.  Passband  insertion  loss  is  0.3  dB. 
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Figure  6-11.  Measured  transmission  response  at  77  K  of  a  filter  fabricated  with  a  postannealed  Y-Ba-Cu-O  signal 
line  and  a  silver  ground  plane  on  a  425  -pm-thick  LaAIO  substrate.  Passband  insertion  loss  is  0.4  dB. 

The  performance  at  77  K  of  the  single-sided  filter  grown  in  situ  is  shown  in  Figure  6-12.  This  filter 
has  an  insertion  loss  of  1.7  dB  at  77  K  due  to  the  depressed  transition  temperature  of  the  Y-Ba-Cu-O 
films.  This  performance  is  still  better  than  the  2.5-dB  insertion  loss  of  a  gold  filter  at  77  K.  The 
temperature-dependent  response  indicates  a  transition  temperature  of  82  K  for  the  filter  grown  in  situ. 
compared  with  an  inferred  transition  temperature  of  91  K  for  the  postannealed  filters.  The  single-sided 
device  grown  in  situ  had  insertion  loss  of  0.3  ±0.1  dB  at  69  K  and  less  than  0.1  dB  at  9  K.  Measured 
return  loss  over  the  entire  passband  was  better  than  10  dB  at  temperatures  up  to  69  K.  At  77  K  there  was 
some  degradation  in  the  return-loss  performance  as  well  as  an  observed  80-MHz.  shift  of  the  center 
frequency  due  to  the  increased  penetration  depth  in  the  superconductor  as  the  transition  temperature  is 
approached. 

Because  operation  at  the  liquid-nitrogen  temperature  of  77  K  is  important  for  many  applications, 
the  postannealment  process  has  the  distinct  advantage  of  typical  transition  temperatures  of  91  K  over 
large-area  films,  while  our  in  situ  sputtering  technique  is  currently  producing  large  area  films  with 
depressed  transition  temperatures  of  the  order  of  82  K.  A  disadvantage  of  any  postannealment  process  is 
the  tendency  for  defects  and  impurities  to  aggregate  rather  than  spread  uniformly  through  the  film  as  is 
the  case  for  an  m  situ  process  1 18|.  This  may  result  in  increased  weak-Iink  behavior  for  the  postannealed 
films,  in  addition  to  more  sensitivity  to  processing  steps  and  environmental  conditions.  Furthermore,  the 
postannealment  process  is  incapable  of  growing  fully  ( -axis-oriented  films  of  Y-Ba-Cu-O  at  film  thick¬ 
nesses  greater  than  3(X)  nm,  and  multilayer  HTS  film  deposition  is  also  precluded.  Thus,  an  optimized  in 
situ  growth  process  should  ultimately  provide  the  best  Y-Ba-Cu-O  thin  films. 
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Figure  6-12.  Measured  transmission  response  at  77  K  of  a  filter  fabricated  with  a  Y-Ba-Cu-O  signal  line,  grown  in 
situ  on  a  500- pm- thick  LaAIO  substrate,  and  a  silver  ground  plane.  Passband  insertion  loss  is  1.7  dB  (reduced  to 
0.3  dB  at  69  K)  and  shows  an  80-MHz  shift  of  the  center  frequency  from  that  measured  at  low  temperature.  The  fre¬ 
quency  shift  is  due  to  the  kinetic  inductance  caused  by  the  very  large  penetration  depth  existing  in  the  superconductor 
near  the  transition  temperature. 


In  summary,  four-pole  microstrip  filters  have  been  produced  that  have  nearly  lossless  passband 
characteristics  and  excellent  out-of-band  rejection  at  liquid-nitrogen  temperature.  These  results  have 
demonstrated  that  complex  passive  microwave  devices  can  be  designed  and  implemented  using  HTS 
materials.  More  aggressive  filter  designs  utilizing  many  more  poles  will  result  in  much  greater  perform¬ 
ance  advantages  for  an  HTS  filter  technology  over  a  normal-metal  technology.  Ultimately,  ultrasharp- 
skirt  filters  can  be  produced,  which  would  allow  more  closely  spaced  communication  channels  and  more 
efficient  use  of  microwave  communication  bands  than  are  currently  possible  with  conventional  filters. 
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